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Abstract
The Rover Mechanical Arm and Turret (RAT) team was originally tasked with designing and
building a mechanical arm to attach to the Exo Mars rover: a project headed by Cal Poly professor, Rich
Murray. The rover will be the 3rd in a series of rovers sponsored by Murray. Through ideation,
comparison studies, research, and prototyping, the RAT team determined a design capable of fulfilling the
sponsor’s specifications. The concept design is lightweight, durable, and capable of 4 degrees of freedom.
With two links and a mechanical claw, the rover arm has the capability to retrieve small rock samples
from Mars's surface. The links of the arm pitch with respect to the rover in order to position the claw at
the desired location, then the claw can be rotated, opened, and closed to collect the samples. The arms are
offset from one another such that the arm can collapse onto the body of the rover within the designated
space to minimize possible interference with other subsystems and to keep the rover better balanced when
the arm is not in use. Additionally, the arm software framework is designed to be compatible with the
main rover software without extensive modification of the existing rover codebase. This framework is
run as a local server mostly isolated from the Rover runtime. The final prototype can maneuver the claw
end effector in a 2D plane and gather small rocks under 50 grams, depositing them anywhere within the
range of the system.

Introduction
The process of turning an idea into a tangible prototype could be daunting, especially when the
project is a complex system. The RAT team’s task of developing a 4 degrees of freedom robotic arm
included several requirements. It had to be light weight, able to collect rock samples, extend 50
millimeters below the wheelbase, movement accuracy as well as repeatability and being able to actuate
without interfering with the existing rover’s software. The project was developed in stages, spanning
through three school quarters. The stages to develop the system included identifying the scope of work
(SOW) needed to complete the project, preliminary design review (PDR) and critical design review
(CDR) and final design review (FDR). These documents track the evolution of the project and the
improvement made to ensure the successful completion of the system. Each document contains important
steps that were taken to bring the team’s design to fruition, and it documents our progress, struggles and
lessons learned.
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Abstract
The Mars rover arm is a mechanism that will allow the existing rover to collect rocks
samples from Mars. The arm will consist of multiple links in order to achieve the four degrees of
freedom necessary for successful retrieval. To accomplish said task, the rover arm will need
three key systems: the structure, motors, and electrical/software. We have begun research on
relevant topics relating to each system as well as consulted the client to begin to understand the
problem we will be attempting to solve. From this research, we have gained insight into potential
avenues for our design.
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1.0 Introduction
Through years of Senior and Capstone projects, Cal Poly has created three evolving
generations of miniature Mars rovers. The next generation, code named EXO, continues the
iterative design process, incorporating new features such as a space-durable structure, a solar
panel system, and an improved operating system. The sponsor of these rover projects, Cal Poly
professor Rich Murray, aims to significantly extend the capabilities of the EXO rover beyond
those of its previous incarnations. To better reflect the functionality of current Mars rovers, a
mechanical arm for improved environmental interaction is needed. A robotic appendage would
enable the rover to retrieve foreign geological samples for bio-analysis. Our team, which is
comprised of three mechanical engineers and one computer engineer, is responsible for
designing and implementing a robotic arm and turret that fulfills this need. Major design
challenges include millimetric turret positioning accuracy, overall weight restrictions, and
continual operation in Mars environmental conditions.
This scope of work document is intended to define the bounds of the project. It outlines
the details and technical specifications of the design challenges as well as illustrates our current
knowledge of the engineering problem and our planned approach to solving it. Chapter 2 of this
report summarizes background research on the project topic including customer needs, insights
into technical challenges, and existing solutions. Chapter 3 describes the scope of the project as
well as the qualitative and quantitative specifications we are expected to meet. Chapter 4 covers
project management, delineating our timeline and strategy for tackling the rover arm. And
finally, Chapter 5 provides a concise content summary of the document for sponsor approval.

2.0 Background
The background section details the results of our research. On top of compiling data on
existing solutions and similar products, we began research on relevant software, motors, and
structural components that will allow the rover arm to operate under the desired conditions.

2.1 Stakeholders Needs
After several meetings with our sponsor we have created the following table describing the needs
and wants for this project.
Table 1: Summary of client’s needs and wants
Type
Geometry

Needs
Wants
• 4 axes of rotation
• Interchangeable hand
• Top mounted
• Hardware in metric
• No interference when arm in stored
position with rover structure on uneven
terrain
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Motion/
Kinematics

•
•
•
•
•
•

Forces/
Torques

•
•

No interference with other subsystems
Internal movers and electronics
Structural dimensions in mm
Ability to reach up to 50 mm below
rover wheels
Accurate enough to pick up given rock
sizes
Time to perform a pick up operation

•
•

Excavating ability
Position accuracy
within +/- 2mm and
repeatability within
0.5mm

•
•

Composites
Weigh less than 500 g
total
Look for off the shelf
components where
possible

Ability to pick up a 8-14 mm rock
weighing 2-50 g
20-25% FOS of torque requirements
per joint (on earth)

Energy

•

Powered by rover (22 - 26 V)

Material

•

Resilient in Mars environment
(temperature, dust storms, etc.)

•

Signals

•
•

•

Giving collection feedback to main
Rover
Communicate with Rover to utilize
wheels for 2 additional degrees of
freedom
Move commands
•

Safety

Production

•

Must deliver at least one prototype

Quality

•

Should be capable of operating on
earth terrain

Assembly

•

Compatible with designated mounting
location on rover

Transport

•

“Back seat rider” on space shuttle

Control
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Meet automotive
standards for
electrical parts

•

Operation

•
•
•

Collapsible position for arm during
travel
Survives launch (Max Q)
Holding arm in place
Removing hold once on Mars

•

Receive object coordinates from Rover
•

Maintenance

Costs

•

TBD

Schedules

•

Functional arm mounted to rover due
at 2022 Spring Expo

Does not require
maintenance once
deployed

2.2 Software Considerations
One major technical challenge associated with programming and controlling a robotic
arm with more than one degree of freedom (DOF), is the complex math required to position the
turret or claw at a specific location in space. Due to multiple joints and members, accurate
positioning of the end turret requires the use of inverse kinematics. The 2011 paper by Huang,
Tung, et al, describes an analytical approach to solving this system for a 6DOF arm. (Huang,
2011)
In a paper published by NASA’s Jet Propulsion Laboratory (Tunstel, et al., 2006)
detailing the performance of the Spirit and Opportunity rovers, the five degree of freedom arm
had redundant contact sensors on the end effector for stopping the motion of the arm at expected
and unexpected contact. Incorporating similar sensors would provide our arm with useful
feedback telling the main microcontroller that geologic samples have been grasped or that the
arm has run into an obstacle. Furthermore, the report laid out the main motion processes the arm
went through including free-space motion, guarded motion, preload motion, retracting motion,
stowing/unstowing, and changing turret tools/instruments.
Another technical challenge lies in the integration of the robot arm control algorithms
with the whole rover system. The existing software framework does not have this functionality
right now, and a redesign or reworking will be necessary. The Robot Operating System (ROS) is
one tool that we have researched extensively and is quickly gaining support in industry and could
help alleviate these challenges. ROS is a modular framework that allows for easy editing and
addition of different subprocesses in a system without breaking existing subprocesses. ROS also
allows for distributed communication across several system boards, allowing for expensive tasks
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such as Computer Vision to be allocated their own resources without impacting the rest of the
robot. (Foundation, 2018)

2.3 Materials
The weight requirement of the arm and turret assembly call for composite linkage
structures. Carbon fiber solutions appear to be viable as carbon composite tubing has been
employed in the previous rover’s suspension system. Tables 2 and 3 show strengths and material
properties of carbon fiber tubes and rods from Goodwinds Composites (Goodwinds Composites,
2021). Carbon fiber linkages offer high tensile and bending strength at a fraction of the weight of
metals with equivalent strength. They give the rover arm the best chance to both meet the weight
target as well as survive the accelerations and vibrations of launch.

Table 2: Carbon Tube Properties
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Table 3: Carbon Rod Properties

2.4 Motors
Keeping the electric motors free of Martian dust is crucial to their long-term operation. In
a peer reviewed article published in Advanced Robotics [5], the snake-like robotic mechanism
was made water- and dust-proof with oil seals and rubber gaskets. These were successfully
employed on the many pitch and yaw motors along the body of the snake robot. Prolonged
submersion of the robot in water resulted in zero leaks. Performing further research into these
sealers would prove useful in protecting the rover arm motors.

Encoder specifications and typical performance characteristics are displayed in Table 4.
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Table 4: Encoder Electrical Characteristics
Encoder
electrical
characteristics

Specification
characteristics

symbol

Input voltage

vcc

Output
saturation
voltage

Test
Conditions

--

MIN

Benchmark

MAX

Unit
symbol

2.7

-

5.5

V

vce
(sat）

VCC=14V;IC
=20mA

-

300

700

mA

Output leakage
current

lcex

VCC=14V;VC
C=14V

-

<0.1

10

A

Input Current

lce

VCC=20V
output open

-

5

10

mAi

Output rise
time

tr

VCC=14V;RH
=820Ω；
CH=20pF

-

0.3

1.5

S

Output fall
time

tr

VCC=14V;RL
=820Ω；
CL=20pF

-

0.3

1.5

S

2.5 Existing Solutions
Several existing solutions were considered for this application including
•
•
•
•
•

Diymore Siver ROT3U 6DOF arm
Pincher X 150 robotic arm
NED 6-axis robot arm
Lunix motion (LSS) 4 DOF arm
Adeept RaspArm-S 4 DOF robotic arm

Their capabilities were assessed against the customer needs using a QFD House of Quality.

2.6 Relevant Patents
Patents outlining robot arms or products with desirable functions are listed in the table
below. Research was focused on designs that exhibited applications of self-contained linkages,
motor control, braking systems, and auto-locking mechanisms.
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Table 5: Relevant Patents
Patent Number
US20090071281A1

Patent
Title
Robot arm
assembly

Description
•
•

Robot base unit that allows two
degrees of freedom (pitch and
yaw)
Uses spur gear running through
the chassis

Robotic
arm
system

•

US5993365A

Tool
attachment
and release
system for
robotic
arms

•

Auto tool attachment and
release mechanism using a
spring-loaded ball-in-groove

US6831436B2

Modular
hybrid
multi-axis
robot

•

Modular multi-axis robot
with interchangeable and
independent modules
System capable of providing
accurate movements

US20120215358A1

•

•

Robot arm consisting of two
links and a gripper
Uses a non-back-drivable
right angle high torque
gearbox

7

Drawing

US20160005331A1

Modular
robot
system

•

Reconfigurable robot
consisting of independently
mobile modules

2.7 Industry Codes/Standards
NASA has a library of engineering standards to best guarantee mission success.
Pertaining to mechanical arms for use in extraterrestrial environments, the most relevant
standards are dust protection testing procedures, electrical component selection, and mechanism
safety factors. Unfortunately, the dust classifications and procedures (NASA, 2021) for Mars
environments were “reserved”, only giving dust specifications for lunar applications. That being
said, most of the testing descriptions were broad and generalized. From the dust testing
document, the optimal way to assess the effect of Mars dust on the actuation and functionality of
the arm and turret would be to create a simulant of Mars dust (more research needs to be done
for this) and preload the arm mechanism lubricants with the simulant. We would then run the
arm through its typical operational motions with expected loading and compare its performance
with the dust-free arm.
In the electrical/electromechanical standards document (NASA, 2017), there was a
system for selecting the grade level of various components depending on how critical the part’s
reliability was to the mission objective. We can use this system to tell us which electrical
components to focus on when considering thermal cycling and radiation effects. However,
automotive industrial standards may be used for electronics as a balance between rigorousness
and affordability. Thus, radiation hardening of components will likely not be considered for the
project.
The mechanical systems document (NASA, 2015) outlines torque margin factors. It
recommends margins for starting torque, holding torque, and dynamic torque all be greater than
zero. A torque margin is defined as follows:

Table 5: Minimum Torque/Force Margin Factors
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Here, Tavail is the motor output torque at the worst case environment conditions, Tf are
fixed resistive torques and Tv are variable resistive torques. For the analysis of motor sizing, we
will calculate the torque margins and ensure they are all positive.

3.0 Objective
Client M, Cal Poly professor and sponsor of a series of robotic rover projects, needs a
self-contained, lightweight mechanical arm for the next generation of the rover. This arm will
extend the functionality of the rover by enabling it to collect small rock samples. The arm will
have sufficient degrees of freedom and precision motor control to move the arm wherever it
needs to go. The addition of this appendage will advance the rover's capabilities closer to those
of current Mars-going JPL rovers. Our purpose is to design an arm compatible with the other
subsystems such that the components work seamlessly both mechanically and electronically.
Figure # is a visual representation of the responsibility of our team.

9

Figure 2: Boundary sketch diagram showing the rover and the boundary of the rover arm
Boundary Diagram/Sketch:
1. Rocks of interest are collected by the Rover Arm-Turret (RAT) from the Martian
surface.
2. Rock samples are deposited in a storage unit on rover.
3. RAT receives power and sample acquisition commands from main microcontroller.
4. RAT gives collection feedback as well as possible rover realignment needs back to the
main microcontroller in order to fulfill sample acquisition commands.
The tip of the rover arm will be required to achieve a total of 6 degrees of freedom. The
rover itself will produce 2 degrees of freedom – forward/backward and rotation, so the arm itself
will need to achieve 4 degrees of freedom. To some degree, the geometry of the arm is expected
to be constrained by the existing vehicle. It must be top mounted, and it must not create
interference with the structural components during travel of otherwise. The arm must receive DC
power and communicate back and forth with the main rover in order to receive positional
commands and send feedback. All components of the arm are expected to be functional in a
Mars environment, therefore all electronics and motors must be internal to protect from damage.
Similarly, the material chosen for the housing will be resilient to environmental conditions such
as extreme temperatures, wind, and dust. The motors will be designed to exert the torques
necessary for the retrieval and subsequent storage of rocks within a given size/weight (as
described in Table #). It follows that the structural components must also be capable of
undergoing the stresses exerted during this process.
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Table 6: Engineering Specifications Table
Spec.
#
1
2
3
4
5
6
7
8

Specification
Requirement or Target
Tolerance
Description
Weight
500 g
Max
Full Extensions
500 mm
Max
Length
Motor Torque
1.5 Nm
Max
Cost
###
Max
Dust Proof
Yes
Collapsed Volume
1,250,000 mm3
Max
Degrees of
4
Exact
Freedom
Turret Point
Exact
±2 mm,
Accuracy
repeatable

Risk*

Compliance**

H
L

I
I

L
M
M
L
L

A
I
I
I
I

H

T

M
M

I
T

L

A

within 0.5
mm
9
10

Power
22-26 V
Max
Command Run
60 s
Max
Time
11
Link Strength
3.5 GPa
Min
*Risk of meeting specification: (H) High, (M) Medium, (L) Low

**Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test

We will design to Earth’s gravitational pull with the understanding that Mars has less
gravity, and therefore performance of motors and structural components on Earth indicate a
guaranteed factor of safety on Mars.

4.0 Project Management
Our overall design process will be comprised of three main sections design, build and
test. In order to track progress and development at each stage of the project, we will provide the
following documentation, preliminary designed review (PDR), interim designed review (IDR),
and critical design review (CDR). Preliminary research and design consideration will be included
in these documents for sponsor evaluation of the final proposed robotic arm design. Once the
design is approved, the manufacturing face will commence. At this point, we will have a verified
prototype that is ready for initial construction. The next step will be testing the prototype to make
sure the performance meets the sponsor’s specifications. Once all the testing is done, we will
compile a final design review (FDR) with all the test results and PDR, IDR, and CDR
information pertinent to the project.
11

Table 7: Project Timeline

Deliverable

Description

Date

Preliminary Design Review
(PDR)

Review of initial proposed solutions

Interim Design Review (IDR)

Revised solution, and resolved issue found
in PDR.

2-Feb-21

Critical Design Review (CDR)

Critical review of all components, costs,
analysis, and improved solution.

10-Apr-21

Final Design Review (FDR)

Final prototype, final design report,
showcase of the arm capabilities.

13-Nov-21

4-Jun-21

For tracking purposes of deliverables, we will use a Gantt Chart to track the progress of each item and
ensure timely completion.

5.0 Conclusion
This Scope of Work is meant to be a formal agreement between ourselves, the project team, and our
sponsor, regarding the scope of this project. We have compiled all the relevant documentation, tables, and
diagrams that we have accumulated from our research thus far. After reviewing this document we ask for
your agreement on these terms and wish to move forward with the Preliminary Design phase of this
project.
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Abstract
After much deliberation, the Rover Mechanical Arm and Turret (RAT) team has
determined the design direction for the mechanical arm prototype. The mechanical arm prototype
will be delivered to the sponsor/client, Rich Murray, to be mounted to the newest generation of
the Mars rover: codename EXO. Through ideation, comparison studies, research, and
prototyping, the RAT team determined a design capable of fulfilling the sponsor’s needs. The
concept design is lightweight, durable, and capable of 4 degrees of freedom. With two links and
a mechanical claw, the rover arm has the capability to retrieve small rock samples from Mars'
surface. The arm’s ability to collapse onto the body of the rover within the designated space
minimizes possible interference with other subsystems and keeps the rover better balanced when
the arm is not in use. Additionally, the arm software framework will be designed to be
compatible with the main rover software without extensive modification of the existing rover
codebase. The final prototype will undergo a series of tests to confirm the degree of success
achieved by the RAT team. The addition of the robotic arm to the rover will greatly expand the
rover's capacity to interact with the Martian environment and expand the potential avenues of the
study of extraterrestrial surfaces.
The goal of this document is to outline the current design direction decisions and discuss
the next steps towards a satisfactory final design concept. The processes that resulted in the
current design decisions, as well as justification, are provided to substantiate the RAT team’s
conclusions. Finally, the team proposes a plan of action with respect to the schedule defined by
the Senior Project syllabus and requests the approval of the client with respect to the concept
design.
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1.0 Introduction
Through two years of Senior and Capstone projects, Cal Poly has created three
generations of miniature Mars rovers [1] [2] [3]. The next generation, code named EXO,
continues the iterative design process. The sponsor of these rover projects, Cal Poly professor
Rich Murray, aims to significantly extend the capabilities of the EXO rover beyond those of its
previous incarnations. To better reflect the functionality of current Mars rovers, a mechanical
arm for improved environmental interaction is needed. A robotic appendage would enable the
rover to retrieve foreign geological samples for later bio-analysis. Our team, which is comprised
of three mechanical engineers (Kyle Peterson, Kendall Chappell, and Rodrigo Gonzalez) and one
computer engineer (Sam Cole), is responsible for designing and implementing a robotic arm and
turret that fulfills this need. The major objective of this project is creating a lightweight
mechanical arm and corresponding control system that achieves six degrees of freedom (two
from and rover and four from the arm) and millimetric turret positioning accuracy. Moreover, the
arm must be reliable enough to continuously operate in the harsh Mars environment as well as be
robust enough to survive and acceleration and vibrations of launch.
This preliminary design report is intended to describe our team’s first whole-system
design solution to the presented challenge and how we arrived at it. The Concept Development
section summarizes the ideation process as well as our strategy for evaluating potential solutions.
The section includes descriptions and depictions of some of our top functional concepts. The
Concept Design section provides a complete walk-through of the rover arm and turret
preliminary design. It illustrates how the concept operates and explains the geometry and
materials selection decisions. The section also includes aspects of the design that have yet to be
defined. The Concept Justification section runs through the initial analysis of the concept design.
This portion of the report addresses the project’s technical specifications and how our design
meets them. A discussion of potential hazards, risks, and safety plans is included along with an
acknowledgement of current design concerns and challenges. The Project Management section
presents a rough timeline for the remainder of the project, giving plans for future analyses,
manufacturing, and testing. The final section offers a concise content summary of the document
for sponsor approval.

2.0 Concept Development
The Rover Mechanical Arm and Turret (RAT) team started ideation with the functional
decomposition performed for the Scope of Work document (See Appendix A). In order to break
down the overall design challenge into more digestible chucks, separate ideation efforts were
directed toward each of the important functions: wrist and claw actuation, base and elbow joint
actuation, collapsibility, motor control, communication with the main rover microcontroller,
protection of electronic components from Mars temperatures and dust, and survivability of
hardware during launch. Once each team member created a few ideas for each function, we
compiled and discussed them. This discussion mainly comprised of eliminating ideas that were
1

unrealistic, too impractical to effectively carry out (due to time, resources, space, etc.), or
directly failed to meet one of the technical specifications.
We then spent a day making ideation models of some of the most feasible function
solutions. These models were relatively simple and made of craft store construction materials or
Lego Technic, but they brought physicality to previously abstract notions. Some models gave us
a better understanding of the arm’s necessary motion and made us ponder how we might achieve
it with traditional electric motors. For example, because the claw and wrist are physically close
together, a few of the ideation models explored how a single motor could be used to both rotate
the wrist and open and close the claw. The models created for this required that pieces of the
wrist-turret assembly be held in place rotationally. This led to further ideation of locking
mechanisms. Other models focused on mechanisms for securing the arm in a stowed position for
launch, mechanical power transmission, and hardware packaging for collapsibility. A complete
list of function ideas along with descriptions and depictions of the ideation models can found in
Appendix B.
The next step in our concept convergence was determining the best solution for each
function based on our client needs/want. After completing a couple of function Pugh matrices, it
became clear that this evaluation methodology was not rating concepts in a way that fell in line
with our intuition. This discrepancy arose from the lack of specification weighting. Some
concepts maybe excelled in operational speed and affordability but were much heavier than other
concepts. With a Pugh matrix, each specification for a particular design is simply evaluated with
a plus or minus compared to a datum idea. Operation speed and cost are significantly less
important than weight but under the Pugh matrix, fast and cheap concepts would be rated as
“better” than a more lightweight solution. Additionally, we decided that most of the arm’s
important functions were independent. Either the functions were inherently independent (like
electronic communication regime and claw actuation) or the leading solutions to different
functions could be easily modified to accommodate each other. For these reasons, multiple
weighted decision matrices were made in order to select the best solution for each function. Our
chosen design direction, therefore, would be the conglomeration of these top concepts.
The criteria and weights utilized in the decision matrices varied slightly depending on the
function, but the common heavily weighted specifications were weight, positioning accuracy,
maximum moveable payload, and Mars durability. Table 1 illustrates one of the team’s weighted
matrices. Each specification is given a weight from 1 to 5 (5 being very important) depending on
how important that specification is to the particular function as well as the project as a whole.
Each possible solution is then given a score from 1 to 5 on how well they comply with each
specification. The scores are multiplied by the weights and the concept with the greatest summed
weighted score is the best option. All the decision matrices can be found in Appendix C.
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Table 1. Weighted Decision Matrix for Base Link Actuation
Weight

Base Joint Actuation
Big Servo
Spur
Worm
Motor
Gearing
Drive
1
3
4

Planetary
Gearing
2

Belt/Chain
Drive
4

Lightweight

4

Mars-Durable

4

5

4

4

3

1

Affordable

3

1

3

4

1

4

Relatively Fast
Operation
Volume

1

5

4

1

3

4

4

2

2

4

2

3

Max Moveable
Payload
Accurate
Positioning
Score

5

3

4

5

4

2

5

4

3

5

3

2

75

84

111

69

68

Figures 1-4 show sketches of some of the top concepts we developed. Figure 1 is the
worm gear drive of the base link. The base structure of the arm is relatively tall to get over the
Rocker-Bogie suspension link that runs across the top of the rover body. This provides room for
a vertically mounted electric motor that drives a worm. A large worm gear that is rigidly attached
to the base link is driven off of this. The power and communication wiring for the rest of the arm
is routed through the base link tube.

Figure 1. Base Link Actuation Sketch
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Figure 2 demonstrates our elbow joint configuration (a similar joint exists at the wrist to
rotate about a parallel axis). At the end of the base link is a housing that contains the electric
motor, gearbox, and necessary mounting. The housing is positioned so the forearm link is offset
from the base link. This allows the two links to lie in the same plane in the arm’s collapsed state.
Between the motor housing and the forearm link is a seal to protect the shaft and joint system
from dust as well as provide enclosed space for wiring to travel through to the rest of the arm.

Figure 2. Elbow Joint Configuration
Figure 3 shows a pin and corresponding slot in the turret to prevent excessive movement
of the arm in its stowed position during launch. The arm is more or less a long length of thin
material only supported at the base end attached to the rover chassis, so during the vibrations and
accelerations of launch, the other end needs to be secured to prevent the buildup of oscillation.

Figure 3. Pin to Reduce Wrist Vibration During Launch
Figure 4 illustrates the compliant mechanism wrist and claw design that only requires two
motors. When the claw base is locked rotationally about motor shaft, the tabs situated inside the
claw rotate, forcing the claw to open. When the tabs rotate further back out of the plane of the
4

claw, the fingers return to their original closed position, clamping down on some rock sample.
When the base is free to rotate about the shaft (motor rotating in the other direction), the tabs
simply rotate the base. The claw base locking could be accomplished with a spring-loaded wedge
that acts as a ratcheting system.

Figure 4. Wrist and Claw Actuation
The collapsed rover position nests the arm over the main body. This will be the position
of the arm when it is not in use. This position minimizes any moments or unbalances created by
the arm. All folding/collapsing simply occurs at the link joints. Having more joints solely
dedicated to collapsibility would only add weight.

3.0 Concept Design
Upon completion of the initial concept development phase, the RAT team has established
an optimal design direction given time and budget constraints. The arm will consist of a base,
two links, and a claw. The base will have a single degree of freedom, rotating the arm about the
axis parallel to the front of the rover. This type of rotation can also be described as “pitch”, as
shown in Figure 7. The base will achieve this actuation by means of a worm gear attached to the
first of three servomotors. The two links will be conjoined at an “elbow”, controlled by the
second servomotor. The motor’s axis of rotation will be aligned perpendicularly to arm links,
allowing the second link to pitch similarly to the first link, as seen in the isometric drawing in
Appendix D. At the end of the second link is a “wrist” which allows the attachment of the claw.
The wrist will achieve 2 degrees of freedom; it will rotate about its central axis and pitch.
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Figure 5. Diagram of Pitch, Roll, and Yaw [4]
The base of the arm assembly will be mounted on the front left quadrant of the rover, as
shown in Figure 6. The four degrees of freedom achieved by the arm in conjunction with the two
degrees of freedom achieved by the rover provide the necessary maneuverability to collect
samples on varying terrain. In addition, the chosen joints permit the rover arm to collapse into a
specified envelope. In the collapsed position, the rover arm will be equipped with a latching
mechanism to constrain the arm during launch. The mechanism provided must auto-eject upon
deployment of the rover. The specifics of the latching mechanism are not yet defined in our
concept design and will require more research to verify the feasibility of implementation.

Figure 6. Rover Arm
Both links will be composed of carbon fiber tubing. Carbon fiber tubes can be purchased
stock and cut to length [5]. The carbon fiber tubing is compatible with a variety of fasteners that
can be used to attach the links at the joints. The base link and the forearm link are 300mm and
400mm respectively, and the distance from the wrist pitch rotation point to the claw grasping
point is planned to be 150mm. All joints must be sealed to protect electronic components from
radiation and dust. Therefore, it is required that the RAT team finalizes a design for the robotic
arm joint housing to meet the project objectives. In addition, the wiring through the joints poses a
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challenge because the wires must have enough slack to allow actuation while not tangling or
interfering with the motors. Currently, our design features a link fastening solution that
incorporates space for wiring to pass from the link to the motor housing (likely a female tube
protrusion from the housing that the link epoxies to). The gap between the motor housing and the
driven link housing is sealed with a circular ring seal. This provides an enclosed space for the
motor shaft as well as the wiring to pass through to the next link. We also intend to wrap the
wiring in multilayer insulation (MLI) wrap to protect it from the Mars temperature gradients.
What is yet to be decided is the geometry, material, and manufacturing process for the motor
housing. Similar to the rover structure team, we are considering 3D printed housings due to
geometric complexity, weight, and compatibility with epoxy. Obviously, we would need to use a
more robust filament then traditional PLA or ABS.
The claw and wrist mechanism operates as described previously and illustrated in Figure
4. A motor, housed at the end of the forearm link, operates the pitch of the wrist/claw similar to
the elbow joint. Another motor, perpendicular to the pitch motor inside the wrist, manages claw
roll and actuation. A ratcheting system only allows claw rotation in one direction. The roll motor
shaft is connected to tabs that lie between the claw fingers, which are normally sprung closed.
Motor rotation in one direction moves the tabs that rotate the claw base. In the other direction,
the base locks, and the tabs rotate to pry open the claw fingers. If rotation in this direction
persists, the tabs fall back in plane, and the claw fingers clamp down on an intended sample.

Figure 7. RAT Team Concept Prototype Glamour Shots
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From our concept prototype (Figure 7), we realized the four degrees of freedom with a
roughly to scale model of the rover arm. The major achievement of the concept prototype was
building a working mechanism of the wrist and claw rotation and actuation. This proof of
concept was promising but revealed that we need to consider how the spring-loaded claw fingers
will withstand the Mars temperature over the lifespan of the rover.
The arm will utilize two RoboClaw motor controller boards as shown in Figure 7 to relay
power and read the encoders attached to each motor. These motor controllers will receive
commands from the main system board via UART packet serial. Both RoboClaws will be housed
in the base of the arm.

Figure 8. 2X7A RoboClaw Motor Controller [6]
The software process running the arm will be separate from the main rover software
framework and will be ran as a Robot Operating System (ROS) server that can be interacted with
via a systemwide API (Application Programming Interface). The API will accept coordinates
representing the desired placement of the turret/claw and will be easily accessible to the main
program controlling the rover. To achieve six degrees of freedom the EXO rover will be using its
movement capabilities to position an object for pickup in the effective range of the claw at a
given time. The rover will need to have some idea of where the arm is able to reach, and this
could either be via two-way communication with ROS, or via a state variable stored in the
runtime of the main program. This has yet to be decided and will be discussed down the line with
the CPE rover team.
The RAT team intends to utilize the RoboClaw Python library to communicate with
multiple RoboClaw motor driver boards that will be connected to the motors onboard the arm. A
small ROS instance will serve as an intermediary between the main Python program running on
the EXO rover, and the Python library used to move the arm. This ROS interface will perform all
necessary inverse kinematics calculations to translate coordinates sent from the rover into precise
motor actuation with the Python library. The ROS instance will utilize the Moveit! ROS package
for its advanced simulation and inverse kinematics features.
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4.0 Concept Justification
The robotic arm must be capable of sustaining the loads generated by the weight of the
objects being picked up by the arm. The material used in the arm needs to be structurally sound
and lightweight. Following material research, we chose to use carbon fiber. This material has a
high strength to weight ratio, and it can survive the extreme temperatures of Mars due to its
insulating properties and low coefficient of thermal expansion. Using hollow tubes will allow the
electronic components to be housed internally, thus protecting them from wind, dust, and solar
radiation.
The robotic arm needs to have precise movements; so, after considering several options,
the team decided to use the system consisting of servomotors with encoders. These motors have
other advantages like highly customizable gearboxes which will be chosen based on the analysis
of the preliminary forces performed. The gears are housed within the motor to reduce the RAT
team’s manufacturing time. Internal gearboxes also have the advantage of being protected from
the Mars environment. To control the motors RoboClaw motor driver boards were chosen for
their well supported software libraries and for their track record with the current EXO rover
motor system. These boards also can provide up to 7 amps per motor channel, which is more
than enough for any motor we could fit in our preliminary design.
The envelope for the collapsed rover arm was proposed by Client M. such that the arm
will nestle against the rover body without interfering with the other subsystems. A collapsible
arm makes the transportation of the rover more space efficient and provides the opportunity to
integrate a latching mechanism to support the arm during launch. The chosen arm geometry in its
folded position fits within the given boundaries as shown in Figure 8.

Figure 9. Arm Within Designated Space Envelope
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This arm geometry also satisfies the need for the tip of the rover claw to reach at least 50
mm below the rover’s wheels. Within the CAD, a reference plane was constructed 50 mm below
the rover wheels. The arm assembly was then manipulated to touch the end of the claw to the
plane. The arm in its unfolded position is shown in Figure 9.

Figure 10. Arm Extending to Plane
The official RoboClaw Python library was chosen for the ease of use with the RoboClaw
motor driver boards, and the abstraction of the packet serial communication protocol. ROS was
chosen to wrap the RoboClaw library, it has many examples online and support for the powerful
Moveit! ROS package. This package allows for advanced simulation and abstracts the various
inverse kinematics calculations required with multiple actuators in a system. This package also
has a long track record in the robotics community and heavy open-source support online.
This software implementation was specifically chosen to minimize the code changes
necessary to the main rover codebase. The ROS interface will supply an API that will offload
much of the code needed for control from the main program to the ROS instance. This will in
turn allow for easy simultaneous development with the current CPE rover capstone team.
The main concerns with this overall software implementation are ensuring ROS
compatibility on the Raspberry Pi and formalizing the communication schema necessary
between the ROS arm instance and main rover program to achieve a full six degrees of freedom
(DOF).
There are a few design hazards with our system (See Appendix E). The claw would have
sharp edges that could be dangerous. To mitigate this hazard, the claw will have a cover when
the system is stored. The system would have stored energy provided by the batteries; however,
the batteries would be space rated and all the components would be grounded and insulated. The
design will be exposed to the extreme Mars environment. This means dust storms and severe
temperatures. The component needs to withstand extremely cold and hot temperatures, which we
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will acquire motors that can handle those temperatures variation as well as insulate and house the
components to prevent any dust from getting into the rotation component. There is also the risk
of linkage break or a motor failure due to stall. To mitigate this risk, we performed a basic torque
analysis base on the client specifications (see Appendix F), and a full load test to ensure the
preliminary torque calculation are accurate. Material selection for the links would also play a
role in the strength of the link. The decided material is carbon fiber due to its strength to weight
ratio.

5.0 Project Management
The RAT team will complete a series of design reviews in the process of producing a
final working prototype. Each design review will serve as a milestone in the design process
which allows us to demonstrate progress towards the end goal to our client. The steps required
for successful completion of the project are outlined in the Gantt chart shown in Appendix G.
The Gantt chart is used to monitor both long-term and short-term tasks. Many of the tasks will be
reliant on the completion of preceding tasks, therefore it is necessary to plan for the total period
of time required for each phase of the design.
The RAT team intends to finalize link lengths and range of motion in the joints based on
the concept prototype design. We expect the concept prototype to be completed by November
15, 2021. This will allow us to begin strength analysis on the links via SolidWorks FEA under
the expected torques in a number of configurations. The analysis results will influence which
stock-size carbon fiber tubes will be used in the final prototype. The link dimensions will also
affect the torque output required from each motor. The servomotors will need to be sourced in
accordance with the maximum torque expectation and power delivery.
All of the high-level computation done to drive the actuators in the robot arm will occur
on the Raspberry Pi 4 board that is already used to control the EXO Rover’s main motors. The
RAT team has already successfully calibrated and controlled an arbitrary brushed DC motor via
scripts on a Raspberry Pi 3B+, which is running the same OS as the main rover computer. The
team is currently experimenting and doing tutorials with the ROS framework via an x86 Ubuntu
virtual machine. This system is not fully representative of the ARM Raspberry Pi 4 running
Raspberry Pi OS present on the EXO rover but will be used in the interim. The team expects to
purchase a Raspberry Pi 4 before December 10, to enable research and development to continue
through Winter break. In addition, more RoboClaw motor controller boards should be ordered to
properly emulate hardware operating conditions.
Once the first iteration of the CAD design has been finalized, the CAD files will be
shared with the client to verify that no geometric interferences exist among subsystems. The
rover CAD assembly with the addition of the arm will also undergo dynamic analysis to check
for any mechanical interferences during the rover driving or rover collection tasks. All future
CAD iterations will undergo this same process.
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Due to budget restrictions and manufacturing complexity, the majority of the analysis for
the structural components will be done prior to building the working prototype through FEA
software and hand calculations. The RAT team will use premade carbon fiber tubes to reduce
manufacturing time and difficulties. The carbon fiber tubes will only require being cut to length
and mated to the joints. Similarly, the RAT team will use servomotors which contain highly
customizable internal gear boxes. Using these servomotors will reduce the time spent
manufacturing and will not require additional analysis because of the manufacturer-provided
datasheets. The CAD will undergo Failure Modes and Effects Analysis (FMEA) and Design for
Manufacturing and Assembly (DfMA) prior to the Interim Design Review (IDR) on January 13,
2022. This will allow us to justify the effectiveness of our design to the client prior to
manufacturing.
Between Interim Design Review (IDR) and Critical Design Review (CDR), part and
assembly drawings from the CAD will be verified by the RAT team and the client and a
manufacturing plan will be decided on, including a comprehensive purchasing list of materials
and parts.
Materials for the final prototype must be ordered as soon as possible following CDR so
that the RAT team has sufficient build time. This prototype will be presented to the sponsor and
at the Senior Project Expo May 27, 2022. The prototype will be tested on movement, location
accuracy and its ability to pick up samples of the desired size and weight under Earth’s
conditions. Although we do not have the resources to conduct experiments on whether the arm is
capable of withstanding launch, sufficient analysis will be done to demonstrate feasibility. The
project will be concluded with the Final Design Review due to the client on June 3, 2022.

6.0 Conclusion
The current design direction for the mechanical arm and turret has been determined to
address the functional needs of the project. The arm geometry has been defined such that the arm
is capable of retrieving the specified objects at a position within a given frame relative to the
rover. The electronic components enable the retrieval by actuating the arm and claw, and by
communicating with the rover to receive positional commands. The RAT team anticipates the
arm structure to survive in the Mars environment; however, the method for sealing the joints of
the rover remains to be finalized in order to protect internal components. Additionally, to achieve
launch capability, the rover arm requires a mechanism to secure the arm to the rover frame.
With the consent of the client, the RAT team will move ahead with the current design
decisions. Motors will be sized according to the torques generated by the final structural
components of the arm; then, the team will finalize the geometry and manufacturing process for
the motor housing located at each joint. A latching mechanism will be integrated into the design
such the arm can be secured during launch, and the team will conduct analysis on the arm under
the launch forces according to the Falcon 9 standards. Concurrently, development will
commence for the software on the Raspberry Pi 4.
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The final arm prototype will be delivered to the sponsor upon the conclusion of the spring
Senior Project class, ME 430. The RAT team would like to formally request the approval for the
design direction contained within this document from the client, Rich Murray.
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Appendix
Appendix A: Functional Decomposition
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Appendix B: Ideation Results
Function
Base Link

Idea
Worm drive
Spur gears
Planetary gears
Belt drive
Big servo motor
Hydraulic piston
Internal inflating tube to straighten link
Counterweighted
Sliding triangular configuration
Piston linear to rotational movement

Claw & Wrist Actuation

4 motor, 2 claw fingers
4 motor, 2 linear actuator fingers

3 motor, geared claws
3 motor, single claw finger
3 motor, linear actuator finger
2 motor, compliant claw
2 motor, bevel gear at wrist
2 motor, umbrella (net-like capture)
3 motor, linear draw claw
Nitinol coil rotations
2 motor, rubber slap toy for collection
3 linear draw actuations
I2C
SPI
UART
Optical sensor
TCP
Audio sensors
Worm gear
Planetary gearing
Offset linkages using spur gear in motor
Paired linkages using gear motor
In-line arm
Belt drive
Hydraulic lever
Piston linear to rotational movement
Offset arm

Software Communication

Elbow Joint Actuation
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Appendix B Continued – Ideation Results
Function
Arm Collapsibility

Idea
Rigid fold at joints
Telescoping links
Folding links
Links retract into rover
Soft links that unfurl
Many jointed links
Modular links (detachable)
Double link nesting
Offset links for folding
Sabertooth
RoboVlaw
SyRen 50A
SmartDrive Duo
Cytron 25A
Large rigid enclosures around joints
PTFE seals at shafts & MLI taping
Electrostatic dust repulsion
Rubber dust boots
Arm length insulation sleeve
Insulating spray coating
Gaskets
Physical hook/pin at turret
Extra thick tubing and joint housing
Magnetic lock at turret
Links retract into rover body
Electronically released strap
Styrofoam packaging
Seatbelt strap
Velcro strap
Electromagnetically released pin
Pin removeable by rover arm

Motor Controllers

Mars Dust & Temperature Protection

Surviving Launch
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Appendix B Continued – Kyle’s Ideation Models
Concept
Wrist
Actuation

Elbow Joint
Motor-Link
Interface

Arm Structure
Overview

Description
This model explores how the turret might be
actuated for the rover arm. Since the joints
between the arm linkages will have to feature
motor shafts perpendicular to the linkages, it
makes sense to have the turret attach in a
similar fashion. The core of the model is the
bevel gear set up that gives the 90 ̊ power
change from the motor.
This model takes a closer look at the
interface between the two linkages,
specifically how the motor mounts to one
link while actuating the other. At the end of
mounting link is a case for the motor that
protrudes laterally from the link. This
protects the motor from the external
environmental conditions. The other link is
rigidly attached to the motor shaft and has
enough clearance to rotated 360 ̊.
This model serves as a generic overview of
the entire arm mechanism. It is top mounted
on the chassis of the rover with the base joint
at the rover front. The four degrees of
freedom are the base link angle, forearm link
angle, wrist angle, and wrist rotation (about
axis perpendicular to link rotation).

Universal Joint In this model, a universal joint is depicted. If
axial torque is need at a point in the arm
where packaging prohibits the placement of a
motor, a universal joint with a flexible rod
might be able to transmit torque from a more
distant motor. A downside to this idea is that
then rod would put an additional resistance
acting against the rotation of the link motors,
which might limit range of motion.
Claw and
This wrist actuation model was the first
Wrist
iteration of the compliant claw mechanism
Actuation
used in our chosen design for the arm. It
operates similarly.
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Appendix B Continued – Sam’s Ideation Models
Concept
Gear
Mechanism

Description
This model demonstrated a possible gear
mechanism we could use. It gave us some
ideas on how we might design a turret to
mount the first member of the arm.

Claw 1

This model demonstrates a method for
creating a robot claw. This method keeps one
part of the claw static while the other half
rotates on a shaft to provide the grip. This
brought up the idea of not having all parts of
the claw move and having static elements.

Claw 2

This modeled a possible claw design. This
would involve extending the surface of the
actual arm member to be used as a gripping
surface.

Arm & Claw

This design models the folding arm and claw.
It shows a possible method of having a bucket
attached to the arm member and an additional
claw portion to move material into said
bucket.

Arm Overview

This model was used to model a possible joint
system. This gave us ideas on how we might
connect the joints and the motors in different
ways.
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Appendix B Continued – Kendall’s Ideation Models
Concept
In-Line Links

Description
Potential linkage and housing for mechanical
arm. To use spur gears with our motors, the
axis through the motor pin will need to be
perpendicular to the arm linkages. One way to
do this is to add links at the base of the motor
and at the pin side.

3-digit Claw

Model of claw configuration. This is a model
of a potential 3-digit claw. The flexible joint
on each digit allows for more grabbing
capability than links without joints, however a
design like this may be outside of our current
scope due to the challenges it poses

Offset Links

Potential linkage for mechanical arm–offset.
This model shows how links could be
arranged with spur gears on the motors. This
model would require less material so it would
be lighter, however it would also be less
strong. We used this model in class to show
how the link lengths would need to compare
to have them fold on top of the rover without
interfering with other parts.
Latch for securing arm during travel. In order
for the arm to survive the forces of takeoff,
the arm will need to be secured. The latch
needs to release automatically once on Mars.
The joint on the right is attached with a loaded
rubber band, while the latch on the left is
attached by a releasable pipe cleaner. The
pipe cleaner symbolizes where a magnetic
auto-release latch would go on the real design.

Launch Latch

Claw Digit

Single “finger” for mechanical claw. This
model shows a single digit of a mechanical
claw to be attached to our mechanical arm.
The digit uses a rubber band at the joint on
one side to create tension, and a piece of yarn
threaded through straws on the other side
which can be pulled on from the base. This
model is to show one way to achieve a
grabbing motion using an idea based on
tendons.
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Appendix B Continued – Rodrigo’s Ideation Models
Concept
Link Latch

Description
This model is to show an arm that is
collapsible upon itself.

Free Claw
Integration

This model was to represent the lowering of
the claw that is not attached to a link.

Claw Actuation

This model was made to show a design of
how to actuate the claw for the arm.

Link
Arrangement

This model is to show a strap for the arm
during transport.

Free Claw

This model is a representation of four fingers
claw for easy grasp.
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Appendix C: Weighted Functional Decision Matrices
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Appendix C Continued
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Appendix C Continued
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Appendix D: Engineering Drawing

25

Appendix E: Design Hazards Checklist

26

Appendix E Continued
Description of
Hazard
Robotic Claw

Mars Environment

Max Torque

Electric system

Planned Corrective Action

Planned Date

The arms claw will include
polymer inserts when it is
being stored to eliminate
exposed sharp edges
The system will be exposed to
sand and perform a functional
test to check for dust filtration
and extreme temperatures.
Preliminary torque
calculations were performed to
ensure adequate torque being
delivered. A load test will be
performed to ensure the
system can deliver the max
torque necessary and validate
the accuracy of preliminary
equations (Appendix E).
The system will be check for
proper grounding and ensure
all the electrical component
are well insulated.

2/20/2022
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3/20/2022

3/25/2022

3/26/2022

Actual Date

Appendix F: Basic Motor Torque Calculator
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Appendix G: Gantt Chart
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Abstract
The Rover Mechanical Arm and Turret (RAT) team was originally tasked with designing
and building a mechanical arm to attach to the Mars rover: a project headed by Cal Poly
professor, Rich Murray. The rover will be the 3rd in a series of rovers sponsored by Murray. The
RAT team will be working in conjunction with the other subsystem groups to produce the final
rover. Through careful consideration of the sponsor’s needs, the RAT team has determined the
design direction for the mechanical arm prototype. The mechanical arm prototype will be
delivered to Rich Murray, to be mounted to the newest generation of the Mars rover: codename
EXO. Through ideation, comparison studies, research, and prototyping, the RAT team
determined a design capable of fulfilling the sponsor’s needs. The concept design is lightweight,
durable, and capable of 4 degrees of freedom. With two links and a mechanical claw, the rover
arm has the capability to retrieve small rock samples from Mars's surface. The arm’s ability to
collapse onto the body of the rover within the designated space minimizes possible interference
with other subsystems and keeps the rover better balanced when the arm is not in use.
Additionally, the arm software framework will be designed to be compatible with the main rover
software without extensive modification of the existing rover codebase. This framework will be
run as a local server mostly isolated from the Rover runtime. The final prototype will undergo a
series of tests to confirm the degree of success achieved by the RAT team. The addition of the
robotic arm to the rover will greatly expand the rover's capacity to interact with the Martian
environment and expand the potential avenues of the study of extraterrestrial surfaces.
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1.0 Introduction
Through two years of Senior and Capstone projects, Cal Poly has created three
generations of miniature Mars rovers [1][2][3]. The next generation, code named EXO,
continues the iterative design process. The sponsor of these rover projects, Cal Poly professor
Rich Murray, aims to significantly extend the capabilities of the EXO rover beyond those of its
previous incarnations. To better reflect the functionality of current Mars rovers, a mechanical
arm for improved environmental interaction is needed. A robotic appendage would enable the
rover to retrieve foreign geological samples for later bio-analysis. Our team, which is comprised
of three mechanical engineers (Kyle Peterson, Kendall Chappell, and Rodrigo Gonzalez) and one
computer engineer (Sam Cole), is responsible for designing and implementing a robotic arm and
turret that fulfils this need. The major objective of this project is creating a lightweight
mechanical arm and corresponding control system that achieves six degrees of freedom (two
from and rover and four from the arm) and millimetric turret positioning accuracy. Moreover, the
arm must be reliable enough to continuously operate in the harsh Mars environment as well as be
robust enough to survive and acceleration and vibrations of launch.
Since the preliminary design review, both the materials and the CAD (computer-aided
design) for the 3D printed components have reached their final iterations after additional
research and deliberation with the sponsor. Geometry is more precise, and manufacturing and
assembly limitations have been considered. Additionally, all the middleware and libraries
necessary for communication between the raspberry pi computer and the motors have been
finalized.
The goal of this document is to outline the current design direction decisions and discuss
the next steps towards a satisfactory final design concept. The processes that resulted in the
current design decisions, as well as justification, are provided to substantiate the RAT team’s
conclusions. Finally, the team proposes a plan of action with respect to the schedule defined by
the Senior Project syllabus and requests the approval of the sponsor with respect to the concept
design.

2.0 System Design
The arm will consist of a base, two links, and a claw. The base of the arm assembly will
be mounted on the front left quadrant of the rover, as shown in Figure 1. The four degrees of
freedom achieved by the arm in conjunction with the two degrees of freedom achieved by the
rover provide the necessary maneuverability to collect samples on varying terrain. In addition,
the arm design allows the arm to collapse into a folded position on top of the rover without any
mechanical interferences.
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Figure 1. Exo Rover
The base joint allows the arm to pitch with respect to the rover. The base will achieve this
actuation by means of the first of four brushed DC motors. The two links will be joined at the
“elbow”, controlled by the second motor. The axis of rotation will be aligned perpendicularly to
arm links, allowing the second link to pitch similarly to the first, as seen in Figure 1. At the end
of the second link is the “wrist” which allows the attachment of the “claw”. The wrist will
achieve two degrees of freedom; it will pitch in a similar manner to the elbow using a third motor
and roll the claw using a fourth motor. The roll motor also dual functions as the prime mover for
opening and closing the claw to collect Mars rock samples.
The arm’s base mount, elbow joint housing, wrist joint housing, and claw (will all be 3D
printed by Carbon 3D. 3D printing is optimal for creating designs with complex geometries that
may be difficult, if not impossible, with other machining processes. 3D printing affords us
flexibility with our component designs which can be advantageous for reducing weight. The final
components will be made from carbon fiber-laced filament. This material can withstand the
Martian environment, specifically the temperature swings ranging from -150˚C to 100˚C. It is
also more than strong enough to handle the expected loads of regular sample retrieval.
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Figure 2. Exo Rover Arm Assembly
The motors initially proposed for the design are Polulu brushed DC servo motors
(Appendix A). These motors were used in the previous iteration of the rover to rotate the wheels.
The sponsor provided four of these motors for initial testing and prototyping. The power
supplied to the arm will be DC, therefore any motor used must be DC.
The entire arm will be controlled by a server running a semi-isolated program on the
same Raspberry Pi 4 used to control the EXO Rover. The Raspberry Pi 4 will communicate with
two motor driver boards via UART serial communication, to drive the four different motors
present in the system.

2.1 Links
Both links will be composed of 1 in diameter carbon fiber tubing. Carbon fiber tubes can
be purchased stock and cut to the desired length. The base link (link 1) and the forearm link (link
2) are 200mm and 240mm respectively, and the distance from the wrist pitch rotation point to the
claw grasping point is 193 mm. Hollow tubes, as opposed to solid rods, are advantageous in
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reducing weight and allowing the wiring for all electronic components will be routed through the
tubes to protect them against environmental factors.

2.2 Base Assembly
The base assembly is responsible for mounting the arm to the rover and pitching the first
arm link. The base mount will be secured to a platform on the rover body and with fasteners. The
base mount houses the base motor, the link/worm connector, the worm gear, and the bearings.
The base assembly facilitates the initial movement of the arm to reach a desired location.
2.2.1 Base Mount
The base mount (Figure 3) is a 3D printed component that houses the base motor, the
link/worm connector, the worm gear, and the bearings. This component provides support for the
arm, and it aids, along with the other components, the vertical movement of the arm. The base
houses the base motor and shields it from external debris. The base was redesigned to provide
better support for the several components that make up the arm.

Figure 3. Base Mount
2.2.2 Link/Worm Connector
The link/worm connector (Figure 4) connects to the worm gear and the first carbon fiber
link. This part actuates an arm link by transferring the worm gear angular rotation into vertical
movement of the link. This part plays a crucial role in the movement of the arm position and
need to be strong to support the loads experience by the arm assembly.
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Figure 4. Link/Worm Connector
2.2.3 Worm Gear
The worm and worm gear are responsible to transfer the motor torque to the arm to create
the power necessary to lift rock and to move the arm. The worm gear has a 28:1 gear ratio to
ensure it has the necessary power to perform the required tasks. The worm is rotated by the
motor shaft which in term rotates the worm gear.

Figure 5. Worm and Worm Gear
2.2.4 Base Motor
The base motor is a brushed DC planetary gear motor with a gear ratio of 19.2:1 with an
encoder. The encoder is necessary to provide an accurate position of the arm at any given time.
The motor is responsible for the actuation of the arm and support of the entire arm weight
without being back driven when it is not moving.
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Figure 6. Base Motor
2.2.5 Bearing
The bearing helps to mitigate the friction between the ½ inch mounting shaft and the
base. The bearing ensures smooth movement of the arm and reduces energy losses.

Figure 7. Worm Gear Shaft Bearings

2.2.6 Spacers
Spacers are used to ensure proper location of the worm gear and ensure that it is not able
to get misaligned.
2.2.7 Worm Gear Shaft
This is a hexagonal 7mm shaft that supports and rotates the worm. The shaft is part of the
motor chosen to drive the arms link. The motor is housed at the base mount.
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Figure 8. Motor Shaft

2.2.8 Elbow Linkage
This is the link attached to the worm/ link connector and the elbow. It is a 200mm link of 1 in
diameter. This link connects the worm/link connector to the motor enclosure (elbow).

Figure 9. Link 1

2.3 Elbow Assembly
The first and second links are connected by the elbow assembly (Appendix A). The
elbow assembly consists of two 3D printed connection components which attach the carbon fiber
links together and actuate via the motor. The connection components also serve as motor housing
that protects the motor and its electronic connections from environmental particulates. The motor
in the elbow joint facilitates a second axis of rotation for the arm and is critical for allowing the
arm to collapse into a compact folded position. Additionally, motion at the elbow joint allows the
claw to clear the front ledge of the rover body for sample collection tasks.
2.3.1 Motor Enclosure
The motor enclosure (Figure 10) is one of the 3D printed connection components located
within the elbow assembly. The purpose of the motor enclosure is to attach the body of the motor
to link 1. The motor enclosure surrounds a portion of the motor body, but the rigid connection is
achieved by the screws on the face of the motor which pass through the corresponding clearance
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holes on the part. The carbon fiber tube is secured inside the tube connection socket and secured
with epoxy to prevent axial or rotational movement.

Figure 10. Motor Enclosure (Elbow)
2.3.2 Motor Pin Connection Housing
The motor pin connection housing (Figure 11) is the second 3D printed connection
component in the elbow assembly. The motor pin connection housing attaches the motor output
shaft to link 2.

Figure 11. Motor Pin Connection Housing (Elbow)
A mounting hub is clamped onto the output shaft of the motor, then secured to the motor
pin connection housing face with four 6-32 screws. The mounting hub was chosen because of its
ability to rigidly attach to the motor output shaft and screw into the motor pin connection
housing. This hub was utilized in the wheels of the previous rover and was similarly useful for
our purposes. Additionally, the motor pin connection housing provides a lip that has an inside
diameter only 1 mm larger than the outside diameter of the motor enclosure face. This lip
provides some protection for the motor against particulate intrusion. link 2 is attached to the
motor pin connection housing connection socket in the same way link 1 is attached to the motor
enclosure.
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2.4 Wrist/Claw Assembly
The claw and wrist assembly (Appendix A) represents the turret of the rover arm and
turret. Perpendicular to the pitch motor inside the wrist, the roll motor manages claw roll and
actuation. A sprag clutch bearing located in the claw base only allows claw rotation in one
direction. The roll motor shaft is connected to a cam situated in between the claw fingers, which
are normally sprung closed. Counterclockwise motor rotation rotates the cam that pushes on the
claw fingers to rotate the claw base. With clockwise motion, the base locks, and the cam rotates
to pry open the claw fingers. If rotation in this direction persists, the cam falls returns to its
thinner profile, and the claw fingers clamp down on an intended rock sample. This turret system
allows for samples of varying dimensions to be collected from various orientations while also
keeping overall weight down as claw actuation does not require another prime mover.
2.4.1 Roll Motor Housing
The roll motor housing (Figure 12) is the largest 3D printed part of the assembly. Its
main function is to secure the roll motor and provide fastening infrastructure for other printed
parts. The motor is entirely sheathed within the housing and fastened with M3 screws. The rear
of the part features clearance for motor wires and a protruding lip where thread inserts are
soldered in. The threaded holes are how the housing attaches to the wrist joint. At the front of the
part, a half-pipe with flanges acts as the bottom enclosure for the shaft coupler that connects the
motor output shaft to the camshaft. These flanges reflect those on the sprag bearing mount.

Figure 12. Roll Motor Housing Front (Left) and Back (Right) View
2.4.2 Motor Pin Connection Housing (Wrist)
The wrist motor pin connection housing (Figure 13) joins to the wrist motor enclosure in
the same way as in the elbow. In lieu of another link going in, however, the lip of the roll motor
housing slides in, and 2-56 screws that thread into the thread inserts secure the housings together.
The motor pin connection housing also features lip that overhangs the wrist motor enclosure for
dust and particulate protection.

9

Figure 13. Motor Pin Connection (Wrist)
2.4.3 Sprag Bearing Mount
As the name suggests, the sprag bearing mount’s (Figure 14) purpose is to secure the
sprag clutch bearing. The mount slides over the camshaft and is fastened to the roll motor
housing with M4 bolts through the aligned flanges. The front of the part features a key that the
sprag clutch fits over to lock the rotation of the inner race. Part of the claw assembly design we
are still developing is incorporating a Hall Effect sensor to track the rotation of the claw base.
The sensor itself would be mounted on top of the sprag bearing mount. This will likely be
accomplished with a slip fit slot shaped to the outer profile of the sensor.

Figure 14. Sprag Bearing Mount Prototype (Left) and Sensor Mount (Right) Configuration View
2.4.4 Sprag Clutch Bearing
The sprag clutch bearing was selected as the ratcheting mechanism of choice due to its
size and off-the-shelf availability. We opted for the CSK8P 8mm sprag clutch (8 X 22 X 9mm).
This component provides the one direction rotation essential to the claw design while being
compact enough to fit inside the Claw Base. The internal keyway on the inner race also
simplifies mounting to the claw assembly.
2.4.5 Claw Cam
The cam is mounted onto the camshaft (6mm D-shaft) via a clamping hub akin to those in
the wrist and elbow joints. The cam features a pattern of four clearance holes for screws to fasten
it against the hub, which is tightened onto the camshaft. The profile of the cam was developed
through some basic geometry calculations (See Section 3.0). It is made of Delrin acetal plastic
with PTFE added. This increases wear resistance and gives the part a more slippery finish.
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2.4.6 Claw Base
The claw base (Figure 15) is the main structural component of the claw. It features a
large bore through the entire part that is reamed out to press fit the sprag clutch bearing into.
Slots for the torsion springs are included along with tabs for the claw fingers to fit over with
clearance holes for the two main M8 bolts holding the subassembly together. In order to track the
claw base rotation, we plan on having a small blind hole in the rear of the part to accommodate a
neodymium magnet for the Hall Effect sensor.

Figure 15. Claw Base Front (Left) and Back (Right) View
2.4.7 Claw Fingers
The claw fingers (Figure 16) are responsible for clamping down onto Martian rock
samples. To this end, they feature ridged ends to get into the grooves and bumps of potential
samples. Small, sealed ball bearings are pressed into the holed ends for decreased friction. The
fingers are then attached to the claw base by the M8 bolts. The fingers also feature a smooth flat
surface for contact/actuation with the cam.

Figure 16. Claw Finger
2.4.8 Claw Torsion Springs
Located along the pivot axes of the claw fingers, the preloaded torsion springs keep the
claw normally closed and constantly pressed against the cam. The springs are capable of 360˚
deflection but are deflected to approximately 90˚ during claw assembly to provide gripping force
even when the claw is closed. The spring dimensions are driven by the claw base geometry and
through bolts. The torque rating of the springs was determined by the mass of the rocks to be
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collected (See Section 3.0). Because of where the rover arm will be operating, a spring material
rated for low temperatures (~ -150˚C) is required. Both titanium and CuSn6 are viable metals
that can be extruded into springs, but a special vendor must be placed as the specialty materials
cannot be purchased off the shelf. Which metal gets incorporated into the design will likely be
based on price once a professional quote is obtained.

2.5 Electronics
The wiring through the joints must have enough slack to allow actuation while not
tangling or interfering with the motors. Currently, our design features a link fastening solution
that incorporates space for wiring to pass from the link to the motor housing (likely a hollow
tube protrusion from the housing that the link epoxies to). The gap between the motor housing
and the driven link housing is sealed with a circular ring seal. This provides an enclosed space
for the motor shaft as well as the wiring to pass through to the next link. To protect the wiring
from the harsh temperature fluctuations experienced in a Mars like environment, all the wiring in
the RAT will be silicon insulated providing significant thermal insulation compared to standard
wiring.
2.5.1 RoboClaw Motor Driver

Figure 171. 2x7A RoboClaw Motor Driver
The four motors in the RAT system will each be driven by one channel of a 2x7A
RoboClaw motor driver. Each motor driver board has two channels so a total of two boards will
be used in this project. As the name suggests these boards can supply a continuous current of
7.5A and peak current of 15A, which will be more than enough for this application, as the most
powerful motor located at the base joint has a stall current of 9.2A. The boards themselves will
receive external power from the batteries of the EXO Rover, this voltage may vary, but the
boards support an input supply voltage between 6-34 VDC.
On the software side, there are several different communication protocols available to
communicate to and from the RoboClaw board. The RAT will be using the packet serial
protocol via UART. The RoboClaw python library developed by the manufacturer Basic Micro
contains many functions for setting the position, speed, and velocity of motors attached to the
boards.
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2.6 Software
All the RAT software will run on the Raspberry Pi 4 used to control the main EXO rover.
This software will be running on its own semi-isolated server to mitigate the changes required to
the already established rover code base. The main rover program will communicate pickup
locations to the RAT via a WebSocket connection using a few lines of python code. Once a
pickup coordinate has been relayed, the data will travel through the data pipeline detailed in the
following sections, culminating in the precise actuation of the four motors contained in the RAT
system.
2.6.1 Robot Operating System (ROS)
The RAT software will utilize the Noetic Ninjemys distribution of the Robot Operating
System (ROS). ROS is a language agnostic framework that consists of several software libraries
and standards used to design and operate robots. The ROS framework utilizes a graph “node”
based structure that sees nodes work together using predefined messages. Nodes contain the code
for the various processes needed to operate a robot. For example, there might be a node
dedicated to reading sensor data, a node dedicated to driving motors, and a node dedicated to
computing motor angles. These nodes receive and/or send data via messages. Messages are not
passed directly between nodes, instead messages are “published” to “topics”, which nodes can
“subscribe” to. This allows a node to relay information asynchronously on a system wide scale,
which also means that a node does not have to specify recipients of whatever data it is
publishing. The only requirement for each node is that they remain in contact with the ROS
Master, which facilitates the publishing and subscribing to and from topics.

Figure 182. Basic ROS Structure
The ROS framework allows for nodes/processes to be sandboxed from each other and
only communicate and interact through strict channels that can be easily monitored during
runtime. The separation provided by the node structure also allows for each node to utilize
whatever tools, libraries, or languages they need to complete their task, without worrying about
interoperability with other nodes in the system. In addition, the ROS framework promotes
modular code and iterative development on individual nodes in a system. Figure 5 shows the
node structure used for the RAT.
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Figure 193. Node Structure for the RAT

2.6.2 ROS Bridge Node
The ROS Bridge node allows outside processes to interact with the RAT ROS instance
via WebSockets. This node is responsible for maintaining connection with the main EXO Rover
program and will publish coordinates sent by the rover to the “Pickup Coordinates” topic.
2.6.3 MoveIt Node
Most of the computation done in this system happens in the MoveIt node. The MoveIt
motion planning framework uses a virtual representation of a robot described in a Universal
Robot Description Format (URDF) file to plan motion of various joints and end effectors found
in said robot. MoveIt handles all the inverse kinematics and collision detection required to
accurately position an end effector with multiple joints in 3D coordinate space. Using the
provided API, the MoveIt node calculates the joint angles required to reach a given 3D
coordinate and publishes a message providing this information. As can be seen in Figure 5, the
MoveIt node for the RAT subscribes to the “Pickup Coordinate” topic, calculates joint angles,
and publishes joint state data to the “Joint States” topic.
2.6.4 ROS Control Node
The ROS control node subscribes to the “Joint States” topic and is responsible for
mapping the virtual joint states to their physical motor counterparts. It is also responsible for
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running a simple control loop algorithm that keeps track of motor encoder data and publishes the
required motor angles to the “Motor Angles” topic, so the physical joints mirror the virtual joints
as closely as possible.
2.6.5 RoboClaw Driver Node
The RoboClaw driver is a custom node that utilizes the Basic Micro RoboClaw python
library. This node subscribes to the “Motor Angles” topic and converts the angle requested of
each motor into a position in encoder counts. A call is then made to the python library that opens
a serial connection with the RoboClaw boards and actuates the motors to whatever position is
desired.

2.7 Cost Breakdown
Table 1. Subsystem Cost Breakdown

Table 1 gives a brief estimate of the rover arm’s production cost (a more detailed cost
breakdown can be found in the bill of materials in Appendix A). More than half of the total cost
comes from the motors and motor controllers. Other major expenses are the bearings and carbon
fiber tubing. For the components that are cut to length (links) and cut out on the laser bed (cam)
the majority of the purchased stock material went unused in the structural prototype so producing
a second arm would not be as expensive. The subsystem costs in Table 1 assume the 3D printed
components will be sponsored by Carbon 3D as planned. Manufacturing and assembly costs are
negligible since the RAT team will be producing components on our own time. Even if
machining was outsourced, the cost would be minimal as only a few purchased hardware pieces
need simple manual lathe operations done.

3.0 Design Justification
The final design chosen by the RAT team for the arm attempts to optimize weight,
communicate efficiently with the main rover, and actuate the motors to achieve precise
positioning. With the majority of the design decisions now established, the RAT team will begin
testing to verify that the design performs as expected and meets the project objectives.

3.1 Structural Prototype and Proof of Concept
The structural prototype of the rover arm consists of the proposed 3D printed
components, link lengths, motors, hardware, and electronics. The 3D printed components have
been printed in PLA material because it is relatively cheap and 3D printing in PLA is
immediately accessible to the team. The purpose of the structural prototype is to verify design
elements, namely geometry, ease of assembly, actuation capability, and motor function. The
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structural prototype, pictured in Appendix C, was assembled and connected to the RoboClaw
motor controllers. During assembly, the RAT team identified sources of mechanical interference.
Most noticeably, the motor enclosure and motor pin connection housing parts did not have a
concentric clearance and needed to be manually shaved down in order to fit together (Figure 20).
To mitigate this issue, the RAT team increased the inside diameter of the motor pin connection
housing. The improved part was printed and installed in the prototype.

Figure 20. Elbow Joint Assembly
Other interference issues noted by the RAT team were positional tolerances of the
threaded holes and corresponding clearance holes on the turret (Figure 21). The screws inserted
into these holes are the only fasteners between the roll motor housing and the motor pin
connection housing.

Figure 21. Original Connection Screw Hole Design
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To eliminate the necessity of high precision locational tolerances for the holes, the RAT
team intends to alter two of the three holes to be slots. During assembly it also became apparent
that the holes were located too close to the edges of the parts, causing insufficient holding
material. The RAT team has updated these parts to increase the overlap between the components
and relocated the holes such that the distance from the holes to the part edges was increased.
Once geometric interferences were addressed, the structural prototype was assembled and
wired to the Roboclaw motor controllers. The base motor used in the structural prototype was
sufficiently strong to hold the entire arm while powered off. It was also noted that the base motor
had a high enough torque to damage and break the 3D printed components on the arm. With this
in mind, the RAT team will be testing a second base motor with a smaller gear ratio and reduced
torque.
Initial tests of the claw and wrist actuation were successful. Inputs were sent to the
RoboClaws using Basic Micro’s Motion Studio desktop application and were received by the
motors, resulting in the wrist joint and claw actuating accordingly. The sprag mount bearing in
the claw worked as expected. Counterclockwise motion rotated the claw, and clockwise motion
actuated the claw. The spring force was sufficient for holding objects weighing the design
requirement weight of 50 grams (Figure 22). Hand calculations on the spring torque ratings
(Appendix C) yielded a minimum max torque limit of 0.0490 Nm (0.434 in-lbf). The springs on
our structural prototype are rated for 1.14 in-lbf and work well.

.

Figure 22. Demonstration of Grip Strength of Claw Spring
When attempting to actuate the motor in the elbow joint, the RAT team discovered that
the clamping hub attaching the motor output shaft to the motor pin connection housing had
insufficient hold strength and was slipping under the weight of the claw assembly. The clamping
hub used in the elbow joint is secured via a clamping screw. Efforts to increase the grip force
were not possible without stripping the clamping screw. Other clamping hubs used in the
prototype were similarly designed but tighten with a set screw as opposed to a clamping screw.
A set screw utilizes the D-shaft design of the motor output shaft and the set screw clamping hubs
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performed better in our design than the clamping screw. The set screw had the disadvantage of
backing out under continued use, however this issue can be easily fixed with Loctite or a similar
screw glue. Going forward, more set screw clamping hubs will be procured for use in the
prototype.

The cam dimensions arise from the arm needing to be capable of picking up rock samples
between 8 and 14 millimeters in diameter. Some trigonometric calculations (Appendix C) were
done to get the following equation, in millimeters, for the long dimension of the cam.
!"#!"#$ = 34 + 2* ∗ tan(0 − 71.2˚)
0 = 789 %& (

34 − :
2√50' + 17'

)

Here d is the distance from the cam to the claw fingers’ pivot plane, and w is the
maximum claw opening width. The constants in the equations come from the claw base and
finger geometry. On the structural prototype, values of d=20mm and w=15mm made a cam
profile that was indeed able to pry open the claw to a width of 15mm. For our verification
prototype, we plan on shortening d to 13mm to maximize space in the interior of the claw. We
also want to exceed the design requirement for opening width with w=20mm. These dimensions
yield an ovular 34.0 x 39.1mm cam. The roll motor used to rotate the cam has more than enough
torque to actuate the cam against the claw fingers at a reduced lever arm.
With the subsystems of the prototype assembled, the RAT team was able to weigh the
components of the arm. From the component weights and link lengths, basic torque calculations
could be performed to indicate expected torque loads on each pitch motor. A generalized Excel
spreadsheet (Appendix C) was created to calculate the torques for varying weights and link
lengths, and at a range of angles. The results of the calculations are shown in Table 2.
Table 2. Max Motor Torque Results

Base Motor
Elbow Motor
Wrist Motor

mNm
kg-cm
3963
40.4
1738
17.7
424
4.3

One of the most significant findings from the structural prototype was the weight of the
claw assembly and its subsequent effect on the elbow motor. The elbow motor was not strong
enough to actuate link 2 and the claw assembly beyond a limited range of angles from the
vertical axis. Reducing the weight of the wrist and claw assembly is necessary to achieve the
lightweight design objective and reduce the torque performance requirements of the elbow
motor. The majority of the weight in the wrist and claw assembly is from the wrist and roll
motors. These motors have significantly lower loads than the elbow motor and are oversized for
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their purpose. This affords us some flexibility in choosing smaller motors to reduce the weight.
Ideally, with smaller motors and a reduced effective wrist and claw weight the current elbow
motor will be sufficient. Similarly, it may be necessary to resize the elbow motor to reduce
weight and/or increase the torque.

3.3 Safety, Maintenance, and Repair Considerations
Considering the rover will be forever out of reach once deployed on the Martian surface,
maintenance and repair considerations are negligible. Safety during arm assembly and testing,
however, is a major concern. The RAT team conducted a risk assessment (Appendix E) of the
hazards and dangers present to those using and building the arm as well as individuals simply in
the proximity of the arm. This assessment found that none of the hazards, after mitigation
practices are put in place, pose a high risk according to ANSI (American National Standards
Institute) standards. The most concerning risks resulted from machinery utilized to manufacture
some of the arm components like lathes, mills, and saws. Shop yellow tags ensure the only
people operating these machines are properly trained.

3.4 Unresolved Issues
As mentioned above, new motors need to be purchased and tested based on the analysis
and testing done on the structural prototype. One of the biggest unresolved design requirements
is electronic hardware protection. Our structural prototype operates with all the wiring external to
the links and motor housings. While the links are hollow, the motor housings need to be updated
to include routing passages for power and communication wires. As of now, we plan on
insulating the wiring with MLI tape. Once the structural prototype is assembled more
permanently with epoxy for the links, a dust intrusion test will be conducted to see where
particulates get inside the arm structure. Finally, we are still in the middle of incorporating a Hall
Effect sensor in the wrist/claw assembly for better roll tracking and control.

4.0 Manufacturing Plan
This section discusses how the components of the rover arm and turret will be
manufactured and assembled. Appendix A, which includes the bill of materials, drawings for
parts and subassemblies, and specification sheets, provides a great deal of information on
component organization and assembly.

4.1 Sourcing Materials
The bill of materials lists the planned source of our verification prototype components.
Our final 3D printed parts will be outsourced to Carbon 3D, a company that specializes in
printing with carbon-laced filament to produce extremely strong, robust parts. Much of the
motor, shaft, and hub hardware comes from ServoCity with the fasteners being sourced from
McMaster-Carr. The sprag clutch and tiny claw finger bearings come from ACER and Misumi
respectively. Electrical hardware is purchased from Basic Micro and Adafruit.

4.2 Manufacturing Processes and Assembly
Manufacturing:
Base
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Base Structure
Carbon fiber 3D printing
1. Submit a CAD/STEP file to be 3D printed
2. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Worm Gear to Link Connector
Carbon fiber 3D printing
3. Submit a CAD/STEP file to be 3D printed
4. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Claw & Wrist
Roll Motor Housing
Carbon fiber 3D printing
5. Submit a CAD/STEP file to be 3D printed
6. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Soldered Thread Inserts
7. Use soldering iron to heat inserts and press them into the tapered holes in the part
Sprag Bearing Mount
Carbon fiber 3D printing
8. Submit a CAD/STEP file to be 3D printed
9. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Claw Base
Carbon fiber 3D printing
10. Submit a CAD/STEP file to be 3D printed
11. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Claw Fingers
Carbon fiber 3D printing
12. Submit a CAD/STEP file to be 3D printed
13. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Wrist Motor Pin Connection Housing
Carbon fiber 3D printing
14. Submit a CAD/STEP file to be 3D printed
15. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Cam
Laserbed
14. Cut ¼” Delrin oval shape 34.0mm by 39.1mm from sheet with four 3.5mm holes
arranged in a square pattern (side length of 13.83mm) centered on the oval
Camshaft
Manual Lathe
15. Face 6mm D-shaft down to a length of 58.5mm
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Camshaft Hub
Manual Lathe
16. Clamp hub to a D-shaft and put the shaft in the lathe chuck
17. Turn down OD of hub by 2mm
Elbow Joint
Elbow/Wrist Motor Enclosure
Carbon fiber 3D printing
18. Submit a CAD/STEP file to be 3D printed
19. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Elbow Motor Pin Connection Housing
Carbon fiber 3D printing
20. Submit a CAD/STEP file to be 3D printed
21. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Links
Carbon Fiber Tubes
Tile Saw
22. Cut two segments of the 1” OD tube, one length being 200mm and the other being
240mm
23. Cut one segment of the ½” OD tube, length 61.5mm
Assembly:
Base Subsystem
1. Set the two bearings with the flange side facing the inner part of the base.
2. Place the worm gear next to the bearing, on the side with the mounting geometry
for the base motor.
3. Secure the worm link connector to the gear using four M4 7mm screws.
4. Insert the ½ inch carbon fiber link through the bearings, gear and connector with
the small opening facing the cylindrical portion of the connector.
5. Set worm onto the motor shaft at desired position.
6. Secure the motor to the base using four M4 7mm screws.
7. With the motor secured, adjust the worm location to have optimal contact with the
gear and secure the worm with the provided set screws.
8. Attach base to the rover body using the required fasteners.
Elbow Joint Subsystem
9. Fasten the motor to the motor enclosure using two M3x0.5 18-8 stainless steel
socket head screws.
10. Secure the tapped clamping hub onto the motor shaft by screwing the set screw
onto the flat surface of the motor shaft.
11. Fasten the motor pin connection housing to the clamping hub using four 632x1/2” Torx head screws.
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Claw/Wrist Subsystem
12. Secure wrist motor to motor enclosure part by using two M3x0.5 18-8 stainless
steel socket head screws.
13. Secure the tapped clamping hub onto the motor shaft by screwing the set screw
onto the flat surface of the motor shaft.
14. Secure the wrist motor pin connection housing to the hub clamp by using four 632x1/2” Torx head screws.
15. Secure the roll motor to the roll motor housing by using two M3x0.5 18-8
stainless steel socket head screws.
16. Insert the thread insert end of the roll motor housing into the wrist motor pin
connection housing and align the three counterbored holes with the three thread
inserts.
17. Secure roll motor housing to the wrist motor pin connection housing using three
2-56x1/2” Philips head screws.
18. Couple the roll motor shaft to the 6mm D-shaft (camshaft) using the 4mm to 6mm
shaft coupler. Tighten socket head screws in shaft coupling.
19. Slide the sprag bearing mount over the camshaft until its holes line up with the
flanged holes on the roll motor housing.
20. Secure the sprag bearing mount to the roll motor housing with four M4 bolts and
nuts.
21. Claw Base Subassembly
21.1. Press fit the sprag clutch bearing into the 22mm hole at the back of the part.
21.2. Press fit the four 8x12x3mm claw finger bearings into the two claw fingers.
21.3. Deflect the left hand and right hand torsion springs 90˚and place them in the
left and right side of the claw base (when viewed from the front) in between the
protruding holed tabs. Each spring’s deflected leg should be behind the other
spring. The cylindrical coil of the springs should be coaxial to the holes in the
tabs.
21.4. Place the claw fingers over the claw base tabs, aligning the bearing holes
with the tab holes. Make sure the other spring legs (the ones not behind the
springs) are on the outside of the claw fingers.
21.5. Put an M8 bolt through both claw finger bearings, the claw base tabs, and
the torsion spring on the left side of claw assembly. Repeat for the right hand side.
21.6. Secure bolts with two M8 nuts.
22. Cam Subassembly
22.1. Secure the Delrin cam to the machined 6mm D-hub using four 6-32x1/2”
Torx head screws.
23. Press fit the claw base assembly onto the sprag bearing mount, aligning the
internal keyway of the sprag bearing with the printed key on the mount.
24. Open the claw and slide the cam assembly onto the camshaft which should be
sticking through the claw base. Clamp the D-hub to the cam shaft with the set screw,
being sure to place the set screw on the flat surface of the shaft.
Links
25. Attach all the links to the corresponding subsystems using epoxy.
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4.3 Electronics Implementation
The two RoboClaw motor drivers and four brushed DC motors should be wired
according to Figure 23. This wiring diagram assumes a battery voltage between 6-34V DC.

.

Figure 23. RoboClaw Wiring Diagram
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5.0 Design Verification Plan
There are several major tests that are planned for this design. The arm’s ability to stow
itself during transport is a requirement that involves the majority of the arm’s subassemblies. We
plan to test that the links can go into the folded configuration and have enough clearance
between them and that the base is able to move the arm into the folded position without any
interference with other systems. The elbow joint provides enough clearance for the links to get
into the stow configuration without colliding with each other. Finally, the electronic hardware is
capable of actuating the arm into the stowed position. Another major test is to check the arm’s
ability to pick up rock samples. This test will include the claw and wrist assembly and their
ability to actuate and hold rock samples. The electronic hardware capabilities to provide enough
mechanical power to lift rocks. For a complete list of tests, measurements and acceptance criteria
see Appendix F.

5.1 Design Evaluation
The design evaluation will be conducted based on the result of the test performed. The
team has identified acceptance criteria for each subsystem and based on that criterion, each
subsystem design will be analyzed and improved or implemented. For our preliminary testing,
the team identified a few improvements needed to the 3D printed parts and motor. Further testing
will be done to ensure all the project specifications are met.

5.2 Design Testing
The specifics of each test have not been completely defined; however, the team has
identified the part needed for each test, facilities, equipment, acceptance criteria and overall test
description. The specific steps to conduct those tests are still in the development phase. One of
the major test we plan on performing is a claw movement precision test. The set up would be to
film the claw in front of a gridded background of known grid dimensions and use camera
tracking software to precisely follow the tip of the claw (likely highlighted with a high contrast
color dot). The grid sets up a coordinate system and a scale so that the exact position of the claw
relative to the defined origin can be determined. This position can then be checked against the
inputted desired position from the computer (representing a command from the rover).

6.0 Conclusion
From the structural prototype and subsequent analyses, the RAT team will be making
some minor adjustments to the system for optimization. Any issues with fit tolerances in the 3D
parts will be modified and reprinted. New motors will be ordered for the elbow and wrist joints
to reduce weight where possible and increase torque where necessary. Additionally, the claw
cam will be reshaped and tested to alter the claw’s open grip size. From our testing with the
structural porotype, we were able to verify that the concept for our design is overall functional
and achieves the major design specifications set by our sponsor. Following the aforementioned
adjustments, we will continue testing the structural prototype for its ability to actuate. Once
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reliable actuation is successful, the RAT team will begin tests to verify locational accuracy and
the arm’s ability to collect samples.
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ROVER ARM AND TURRET
Indented Bill of Material (iBOM)
Assy
Level

Part
Number

0
1
2
2
2
2
2
2
2
2
2
1
3
3
3
3
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
2

0
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
2000
2001
2002
2003
2004
3000
3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3100
3101
3102
3103
3200

Descriptive Part Name

Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
Rover Mecahncial Arm
Base Assembly
Base Housing
Link/worm connector
Worm Gear
Base Motor
Link1
Bearing
Spacers
Worm Gear Shaft
Link2
Elbow Assembly
Motor Pin Connection Housing (Elbow)
Motor Enclosure (used again in wrist)
4mm Hub Clamp (used again in wrist)
Elbow Electric Motor
Wrist/Claw Assembly
Roll Motor Housing
Sprag Bearing Mount
Roll Electric Motor
Sprag Clutch Bearing
M4x0.7x8 SHS Stainless
M4x0.7 Nut
Shaft Coupling 4mm to 6mm
Motor Pin Connection Housing (Wrist)
2-56 Thread Inserts
2-56x5/16 SHS Stainless
Wrist Electric Motor
Cam Assembly
6mm D-shaft
6mm Hub Clamp
Claw Cam
Claw Assembly

Mat'l
Cost

Qty

1
1
1
1
1
1
2
2
1
1
1
1
2
2
1
1
1
1
1
1
4
4
1
1
3
3
1
1
1
1
1
1

Production
Cost
Total Cost

Part Source

More Info

Subsystem Cost
$
192.32
$
$
$
$
$
$
$
$
$

24.99
49.99
69.99
3.69
1.99
35.99
-

$
$
$
$
$
$
$
$
$

-

$
$
$
$
$
$
$
$
$

24.99
49.99
69.99
7.38
3.98
35.99
-

Carbon 3D
Carbon 3D
ServoCity
ServoCity
ServoCity
ServoCity
ServoCity
ServoCity
ServoCity

sponsored, carbon filament
sponsored, carbon filament
SKU:3204-0001-0002
SKU: 638302
SKU: 635016
SKU:1601-0001-0500
SKU: 633110
SKU: 635010
SKU: 635016

$ $ $ 4.99
$ 49.99

$
$
$
$

-

$
$
$
$

9.98
49.99

Carbon 3D
Carbon 3D
ServoCity
ServoCity

machined aluminum
item US259874
SKU: 545568
SKU: 638296

$
$
$
$
$
$
$
$
$
$
$

49.99
39.99
0.08
0.06
4.99
0.24
0.34
49.99

$
$
$
$
$
$
$
$
$
$
$

-

$
$
$
$
$
$
$
$
$
$
$

49.99
39.99
0.33
0.25
4.99
0.72
1.02
49.99

Carbon 3D
Carbon 3D
ServoCity
ACER
McMaster
McMaster
ServoCity
Carbon 3D
McMaster
McMaster
ServoCity

sponsored, carbon filament
sponsored, carbon filament
SKU: 638376
8mm ID, 22mm OD, 9mm width
91292A108
91828A231
SKU: 625081
sponsored, carbon filament
97164A103
92200A723
SKU: 638300

$ 1.59
$ 7.99
$ 48.56

$
$
$

-

$
$
$

1.59
7.99
48.56

ServoCity
ServoCity
McMaster

2101-0006-0040
SKU: 545618
machined delrin AF

$

59.97

$

257.40

3
3
3
3
3
3
3
1
2
2
1
2
2

3201
3202
3203
3204
3205
3206
3207
4000
4001
4002
5000
5001
5002
Total Parts

Claw Base
Claw Finger
LH Torsion Spring
RH Torsion Spring
Claw Finger Bearing
M8x1.25x40 SHS Stainless
M8x1.25 Nut
Electronics
RoboClaw Motor Driver
Silicone Coated Wiring
Common Fasteners
M3x0.5x8 SHS Stainless
6-32x1/2 Torx Head Screw

1
2
1
1
4
2
2
1
2
1
1
6
12
61

$
$
$
$
$
$
$

2.77
2.77
11.09
0.74
0.30

$
$
$
$
$
$
$

-

$
$
$
$
$
$
$

2.77
2.77
44.36
1.48
0.60

Carbon 3D
Carbon 3D
McMaster
McMaster
Misumi
McMaster
McMaster

sponsored, carbon filament
sponsored, carbon filament
9287K208
9287K207
MR128ZZ1
91292A152
91828A410

$79.95
$28.87

$

-

$ 159.90
$ 28.87

BasicMicro
Adafruit

IMC404
Color coated 26AWG wire

$ 0.06
$ 0.08

$
$

-

$
$

McMaster
McMaster

91292A113
90022A148

0.36
0.97

$ 699.79

$

188.77

$

1.33

$

699.79

Sprag Clutch Bearing Spec Sheet

CSK8P 8MM SPRAG CLUTCH ONE WAY BEARING WITH INTERNAL KEYWAY
Dimensions: 8mm X 22mm X 9mm (ID X OD X width)
Internal Keyway: 1mm width
Material: Steel
Sealed
Uni-directional rotation

Appendix C - Analysis
Basic motor torque calculator

Structural Prototype
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Product: _____________________________

Design Failure Mode and Effects Analysis

Prepared by: _____________________________

Team: _____________________________

Date: ________________ (orig)

Arm gets caught and
breaks while driving
Linkages / Stow Cannot fold up into
or creates an
5
itself while driving designated envelope
unbalance on the
rover

1) Elbow motor stop
working
2) Base motor stop
working
3) Software is not
communicating with
motors

Linkages/
Cracks or gaps in
Contain all wiring
linkages
within arm

Wiring gets
tangled/broken

1) Poor connection
between linkages and
joint connections
2) Cracks in links

1) Cannot fold up
small enough to be
Linkages/ Able
back-seat rider
survive transport
2) Cannot withstand
launch conditions

1) Links break during
transport
7
2) Not allowed on
board Falcon 9

Linkages /
Survive Mars
Environment

8

1) Linkage becomes
brittle and breaks
Arm internals come
2) Linkages become
under stresses from
8
deformed
Mars environment
3)Linkages detach at
joints

Base Joint / Pick 1) Insufficient
Up Rock
movement
Cannot pick up rocks 7
Samples
2) Insufficient torque

Robot arm is not
capable of
Base Joint /
undergoing forces
Survive Transport
present during
launch

1) Arm detaches
during launch
2) Base joint
becomes loose

7

1) Links are in position
that applies too much
stress under launch
conditions
2)Cannot fold up into
designated envelope

1) Use robust
motors
2) Test sofware in
several conditions
3) Test motors
and be aware of
fatigue and
manufacturer
recommendations
1) Use premade
carbon fiber tubes
2) Seal linkhousing
connection with an
adhesive
1) Designate
appropriate space
envelope
2) Simulate launch
forces on linkages
in folded position

5

Customer clinic

2

50

2

Inspect
linkages and
connections

5

80

2

Visual
inspection

7

98

1) Different expansion
coefficients for linkages
and connection elements
2) High stresses due to
wind
3) Corrosion due to dust
storms

1) Check
expansion of links
and connecting
elements within
Mars' temp range
2) FEA analysis on
links under
potential max
torques

2

Visual
inspection

2

32

1) Motor not strong
enough
2) Rotation restricted by
external geometry

1) Run CAD
dynamic
simulation
2) Run CAD
simulation to
determine max
torque necessary
from base motor

2

Performance
test

1

14

1) Bolts shear
2) Connections deform
3) Connections break

1) Check that the
base joint is
strongly secured
to the rover
2) Check that
there are no loose
connections within
base joint
3) Run CAD FEA
using Falcon 9
launch conditions

3

Performance
test on shake
table

Page 1 of 5

8

168

Recommended
Action(s)

Thicken base structure
and overbuild to ensure
factor of safety. Since
the base is rigidly
attached to rover
chassis, increased
weight shouldn't
destabilize rover. This
should reduce
occurrence score.

Responsibility &
Target
Completion Date

Actions Taken

Criticality

Current
Detection
Activities

Occurenc
e

Current
Preventative
Activities

Severity

Potential Causes of the
Failure Mode

Priority

Potential Effects of
the Failure Mode

Detection

Potential Failure
Mode

Occurenc
e

System /
Function

Severity

Action Results

Rodrigo - by IDR

Revision Date:

Product: _____________________________

Design Failure Mode and Effects Analysis

Prepared by: _____________________________

Team: _____________________________

Date: ________________ (orig)

112

1) Ensure the
base joint is robust
enough to support
loads and wind
conditions

2

Perfrom a load
test

4

56

1) Elbow motor stopped
working

1) Ensure the
motor is capable
of working in the
desired
environment

3

Test the
motors work as
expected

1

15

1) Elbow joint housing
gets out of place during
launch

1) Chose a
material that is
robust

4

Ensure the
material is able
to support the
kinetic energy
produced
during launch

7

224

4

Test the joint
for proper
sealing and
placement

3

72

5

1) Check rated
specs of the
spring material
2) Perform
dust test: Run
arm through a
container of
sand and see
how much
infiltrates body

a) High winds deform or
break base joint
componenets
b) Dust infiltrates
electrical or motor
components

1) Run CAD FEA
using Falcon 9
launch conditions

a) Base joint is
mechanically damage
b) Base joint is unble 7
to support the entire
arm

a) High winds deform or
break base joint
componenets
b) Load fatigue damage
the base joint

Elbow Joint /
Links can not fold
a) Rover is out of
Stow Itself While
5
without interference balance while driving
Driving

Base Joint /
Survive Mars
Environment

Base joint is
inoperable in Mars
environment

Base joint is
Base Joint / Stow
inoperable in Mars
itself while driving
environment

Current
Detection
Activities

Recommended
Action(s)

Responsibility &
Target
Completion Date

Actions Taken

8

2

8

2

Criticality

8

Current
Preventative
Activities

Occurenc
e

2

1) Check the
positional
accuracy of
rhte base joint
movements

Potential Causes of the
Failure Mode

Severity

1) Base joint is
mechanically
damaged
b) Base joint does
7
not protect internal
electronics and motor

Priority

Potential Effects of
the Failure Mode

Detection

Potential Failure
Mode

Occurenc
e

System /
Function

Severity

Action Results

b) Arm gets stuck on
Mars surface

a) Links break due to
Elbow Joint /
Links can not fold
the kinetic force
8
Survive Transport without interference experienced during
launch

Elbow Joint /
Survive Mars
Environment

Claw/Wrist /
Survive Mars
Environment

Allows sand to get
inside to the motor
or cracks

Compliant
mechanism breaks
from cold
temperature

a) Restricts
movement or
movement is not
accurate

6

a) Mechanism
physically breaks due
8
to environmental
conditions

1) Check for
1) Joint seals are broken
proper seal
2) Joint housing is
placement and
broken
integrity
1) Choose spring
material that
maintains elasticity
in cold
2) Choose spring
1) Claw fingers & spring
thickness (size) so
becomes too brittle in
that expected
cold
forces do not
2) Spring mechanism
leave elastic
plastically deforms
deformation range
3) Keep spring
internal to
insulated claw
base structure

Page 2 of 5

5

200

Ensure enough
preventive measures
are taken to minimize
the occurrence of the
elbow join
malfunctioning

Kendall - Verify
Built elbow jointfrom
with structural
3D printed model and
prototype that links tested it for geometric
can fold by CDR
interferences.

Ensure bearings are
sealed and part fits are
tight enough to prevent
significant particle
intrusion but not tight
enough to seize joints

Kyle - Conduct
dust test and
checks before
verification
protoype

Checked spring
material temperature
ensured all bearings
are sealed and fits are
tight
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Arm is not aware of
other rover
components in its
operating range

Electronic
Electronic
Hardware /
components do not
Accept DC Power receive power

a) Arm damages
another Rover
subsystem
b) Arm damages
itself on rover
structure

90

200

Found off-the-shelf
sprag clutch bearings
that offer one-way
Build structural prototype
Kyle - Conduct test
rotation without
and actuate the claw
by CDR
backlash, built
with motor
structural prototype
and demonstrated
proper claw actuation

5

8

2

4

128

Verify that server activity
Sam - verify by
can be monitored in the
CDR
main rover program

Monitored process in
terminal

8

2

Code to verify
arguments to
RoboClaws
Library

3

48

Assert arguments are
correct values in
program

Modified code to check
for improper
arguments.

8

1

3

Arm bumping
into structures
onboard

1

27

Add obstacles in moveit Sam - verify by
collision detection
CDR

Found examples of
adding arbitrary
objects to moveit
collision detetion

8

2

1) Ensure all
wiring connections
are tight
2) Check for
pinched/exposed
wires

4

LED indicators
on RoboClaws
boards

1

36

Crimp motor
connections to ensure
reliable fit

Sam - verify by
CDR

bought crimping press
and crimped four
motors for structural
prototype

8

2

1) Choose spring
thickness (size) so
that expected
forces do not
leave elastic
deformation range
2) Keep area dust
free

1) Spring mechanism
breaks
2) Ratcheting
mechanism fails
3) Roll motor fails

1) Same actions
for the spring as
above
2) Buy a comercial
ratcheting system
3) Choose motor
rated for
temperature

5

1) Test
ratcheting
system against
max torque
that can be
provided by roll
motor
2) Check motor
specs

1) Server crashes or
loses contact with main
program

1) include code to
restart server if no
contact can be
established

4

Code in main
Rover program
to check ping
server

1) Improper arguments
passed to library
functions

1) run test to
assert the correct
arguments are
passed

2

1) ROS Server does not
have accurate digital
representation of final
Rover configuration

1) Use most
recent CAD files
for modeling /
simulating the
space around the
server

1) Main battery fails or is
compromised
2)Power
connectors/wires
become loose or
damaged

8

9

a) Arm cannot
actuate without power
9
to motors

Current
Preventative
Activities

Recommended
Action(s)

Responsibility &
Target
Completion Date

Sam - verify by
CDR

Actions Taken

Electronic
RoboClaws do not
Hardware / Pick
relay instructions to
Up Rock
motors properly
Samples

a) Arm cannot
actuate accurately

7

1) physical damage
causes boards to fail

1) house
RoboClaws in
secure housing

2

Visual
inspection and
checking with
multimeter

4

56

Visual inspection of
boards

Sam - verify by
CDR

check boards before
operation

8

2

RoboClaws do not
Electronic
maintain a constant
Hardware / Stow
signal to motors
Itself While
causing arm to not
Driving
be stationary

a) Arm "jitters" while
stowed and may
3
bump into other rover
components

1) bad wiring leads to
noisy signals

1) double check
wiring and use
oscilloscope to
verify solid
connections

3

Effects of
failure mode
will be evident

2

18

Crimp motor
connections to ensure
reliable fit

Sam - verify by
CDR

bought crimping press
and crimped four
motors for structural
prototype

6

2

a) Arm does not
function

1) Not enough insulation
to protect components
from enviornment

1) Double check
insulation rating

2

Check
temperature

3

48

Use silicone insulated
wiring

Sam - verify by
CDR

purchased silicone
insulated wiring

6

2

Electronic
Hardware /
Survive Mars
Environment

Electronics fail due
to temperature

8

Page 3 of 5

Criticality

3

6

1) Spring mechanism
plastically deforms
2) Prying bar doesn't
rotate sufficently out of
claw plane

Unable to calculate
a) Arm is unable to
proper motor angles
accurately navigate in 8
for positioning of
3D space
Software / Accept arm
Software
Software is unable
Commands
to read encoder
a) Arm is unable to
8
values or actuate
move
motors
Software/ Avoid
Interference with
other Rover
Features

Occurenc
e

a) Rock samples
cannot be collected

5

Perform dust
test: Run arm
through a
container of
sand and see
how much
infiltrates body

Potential Causes of the
Failure Mode

Claw/Wrist / Pick
Up Rock
Samples

Claw does not
actuate

Severity

a) Rock samples
cannot be collected
reliably

Current
Detection
Activities

Priority

Claw does not
clamp down with
enough force to
reliably acquire
samples

Potential Effects of
the Failure Mode

Detection

Potential Failure
Mode

Severity

System /
Function

Occurenc
e

Action Results
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DVP&R - Design Verification Plan (& Report)
Project:

Rover Arm Turret (F13)

Sponsor:

Rich Murray

Edit Date:

TEST PLAN
Test
#

1

2

3

Acceptance
Specification
Test Description
Measurements
Criteria
Move the assemble arm to make sure
The arm
it can go into the folded configuration
can get to
to make sure there is enough
the stow
Linkages / Stow itself clearance to get to desired position
folded
5 mm gap
while driving
position
without the
links hitting
each other
Base subsystem is capable of
Pass/Fail
Base
supporting arm structure while
subsystem
performing the action of picking up
can support
Base Joint / Pick Up rocks
arm
Rock Samples
structure
while
picking up
rocks
The base does not have any
Pass/Fail
The base is
interference with other systems while in
free from
the stow position
any
Base Joint / Stow itself
interference
while driving

Claw subsystem is able to actuate and Pass/Fail
pick up rocks samples
4

Claw/Wrist / Pick Up
Rock Samples

TEST RESULTS
Required
Parts Needed
Facilities/Equipment
Open Space
SP, FP

Open Space

SP, FP

TIMING
Responsibility
Start date Finish date
Kendall
2/10/2022

Rodrigo

Numerical Results

Notes on Testing

2/15/2022

Complete these columns when you conduct the tests.
Open Space

SP, FP

Rodrigo

2/10/2022

Claw
Open Space
successfully
pick up a
rock

SP, FP

Kyle

2/15/2022
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DVP&R - Design Verification Plan (& Report)
Project:

Rover Arm Turret (F13)

Sponsor:

Rich Murray

Edit Date:

TEST PLAN
Test
#

Specification

Test Description
The arm system is able to actuate in
accordance with software commands

5

6

7

8

Software / Accept
Software Commands

Software does not interfere with other
rover functions

Pass/Fail

Software
works as
expected

Electronic hardware is able to provide
enough mechanical power to lift rocks

Pass/Fail

Electronic hardware is able to put the
arm into the stow position

Pass/Fail

Software/ Avoid
Interference with other
Rover Features

Electronic Hardware /
Pick Up Rock
Samples

Electronic Hardware /
Stow Itself While
Driving

TEST RESULTS

Acceptance
Required
Measurements
Parts Needed
Criteria
Facilities/Equipment
Pass/Fail
The arm
Open Space
SP, FP
system
actuate in
accordance
with
software
commands
None required

TIMING
Responsibility
Start date Finish date
Sam
2/10/2022

SP, FP

Sam

2/15/2022

Electronic
Open Space
hardware
provides
enough
mechanical
power to lift
rocks

SP, FP

Sam

2/15/2022

Electronic
Open Space
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1.0 Design Updates
1.1 Sturdier Base
About five minutes after we got our verification prototype approved for testing, we conducted a
lifting test with the arm at full extension. Unfortunately, the arm’s own weight was enough to fracture the
printed base structure as the upward force from the worm gear on the worm caused delamination in the
area around the base motor mounting point. To remedy this, the base geometry was thickened around the
motor mount as well as on the base shaft mounting faces. Additionally, large chamfers were made to both
increase strength and remove stress concentrations in the part. We also switched over to a carbon fiber
polypropylene filament of higher strength. Unfortunately, the exact mechanical properties of the 3D
printed material are highly dependent on how the part is printed, so performing detailed stress analysis on
the base structure to determine how much thicker it needed to be would have been difficult and certainly
not time efficient. One of the printing considerations we did undergo was print angle. Printing the base at
a 45˚ angle turns some of the upward force on the base motor into layer shear instead of the entire load
acting normal to the layer direction.

1.2 Cleaning up Encoder Signals
After switching to the Servo City Premium Planetary gear motors, a basic circuit had to be added
to the encoder signal lines for each motor in the system. These new motors had unreliable signals with
large amounts of high frequency noise and inconsistent on/off states. To mitigate the high frequency noise
a 0.1µF capacitor was connected to each signal line and ground, filtering out some of the high frequency
noise. To ensure that the digital 1’s sent by the encoder were a consistent 5V, a 2.2kΩ resistor was
connected to each signal line and its associated 5V power rail on the motor controller.

1.3 Custom Kinematic Solver
For most robotic arms that utilize the ROS Moveit package, one of the default kinematic solvers
such as, KDL (kinematics and dynamics library), are the best choice for both convenience and accuracy.
Unfortunately, these default solvers are designed to work with 5DOF and 6DOF manipulators. Our
system only has 3DOF and operates in a single plane, making it incompatible with these libraries. There
is a software package called “IKFast, the Robotics Kinematics Compiler”, that can be used to generate a
kinematic solver on a case-by-case basis using the URDF file of a particular robot. IKFast is provided
through the OpenRAVE motion planning software, and is not actively maintained, so it can be difficult to
get working. Our team did not have success using IKFast with this robot and opted to create a custom
python script that could perform the kinematics separate from Moveit, and then update the joint angles of
the robot using the Moveit interface. We decided to use the Denavit-Hartenberg parameter method for
inverse and forward kinematics, a common closed form choice for manipulators with 3DOF [1]. See
Appendix A for annotated code files.

1.4 Claw Bolts
The initial claw design after CDR featured massive M8 stainless steel bolts and nuts to hold the
claw fingers and torsion springs together with the claw base. These were quite unnecessary as they were
only being used for their size, not their strength. To significantly lighten the claw assembly, 8 mm
diameter aluminum bolts were designed to replace the M8 bolts. These machined bolts could easily be
made on a manual lathe and were about 65% lighter than the purchased stainless steel bolts. The
aluminum bolts (See Figure D6 in Appendix D) featured a perpendicular drilled hole at the end for 3.2mm
cotter pins to secure the assembly.
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1.5 Planetary Gear Motors
As discussed in CDR, we needed to upgrade the electric motors after preliminary testing with our
Structural Prototype. The new motors we purchased from ServoCity featured planetary gear trains instead
of spur gears like the previous Polulu motors. While the new primary movers proved more difficult to
implement due to external capacitors and pull up resistors that needed to be added, they were strong
enough to move the arm through its range of motion. Unfortunately, however, the planetary gearboxes
still suffered about 2.7˚ of backlash angle.

2.0 Manufacturing
Early in the project design cycle, the RAT team applied for the Baker Koob funding grant in
order to establish the project budget and begin purchasing materials for our design as soon as possible. As
we were relatively inexperienced with mechatronic systems and amalgamating 3D printed components
with physical hardware, getting our hands on materials to experiment with fitment, function, and
feasibility at the beginning proved very fruitful for our later design iterations. The Baker-Koob grant
awarded the team with $4,000 (the budgeting of which can be viewed in Appendix B).
While some testing motors were provided by Client M, we purchased all of the materials and
hardware that went into our Verification Prototype. Hardware components, stock materials, and motors
were mainly procured from McMaster and ServoCity. Bearings were purchased from Misumi and ACER.
Motor controllers and electronic components came from BasicMicro and Adafruit. Finally, 3D printing
filament and printer accessories were ordered from 3DXTech. In terms of the process for deciding what to
purchase, McMaster was the simplest and fastest way to get stock and basic fasteners. ServoCity
specializes in electric motors and corresponding accessories. Electronic components were sourced to
conform with existing motor control hardware used on the rover. As we outsourced 3D printing to the
EXO rover structure team, we compensated them for their efforts by purchasing the printing material and
hardware they desired.
2.1 Manufactured Parts
Many of the parts manufactured for the rover arm were 3D printed by the rover structures team
using a carbon fiber infused filament (CarbonX ASA+CF). We ran into some issues with layer separation
fractures while actuating the arm. To address this, we reinforced the parts and changed the orientation of
printing to improve the overall strength. A printing angle of 45° as shown on the base in Figure 1 changed
the angle of the printed layers such that the forces acting vertically due to the worm gear and gravity,
were no longer normal to the printing layers, therefore reducing the likelihood of delamination.
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Figure 1. (Left) Base Printing, (Right) Printed Motor Pin Connection Housing (Wrist)
Some features on the 3D printed parts needed to be post machined and filed to enable proper
fitment and actuation of joints. Specifically, the bearing holes in the base part were sanded down. We
used a press fit to secure the bearings into these holes, so to ensure a proper fit, we undersized the holes in
the CAD such that they would be too small to fit the bearings once printed. After printing, we sanded the
inside diameter with sandpaper until it was just large enough to securely hold the bearings (Figure 2).

Figure 2. Sanding the Base Part
In addition to 3D printed parts, the base features a main shaft which supports the worm gear
which rotates link 1. The main shaft was turned from aluminum on a lather such that it could fit through
each bearing in the base. The main shaft is hollow to allow wires to be fed from within link 1, through the
shaft, and out one side of the base.
The claw also required parts to be manufactured without the use of the 3D printer. The claw cam,
as shown in Figure 3 was cut from Delrin stock using the laser bed in Mustang ‘60 machine shop. Delrin
is a type of plastic with low-friction and high-wear resistance that makes it ideal for the cam which
undergoes constant sliding against the claw fingers in order to open and close the claw.
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Figure 3. Claw Cam
Other manufactured components in the claw assembly include the cam shaft and cam clamp. The
cam shaft was purchased and faced down to length using a manual lathe at the aero hangar. The cam
clamp was purchased and post machined using a manual as well. Fitment of the machined hardware and
3D printed components was a relatively simple process of manual sanding and filing.

The claw integrates two claw bolts (Figure 4) to hold the springs in place. These were also
machined from aluminum on a lathe in the Cal Poly machine shops.

Figure 4. Claw Bolt Machining
The links of the arm are carbon fiber tubes (Figure 5). The carbon fiber tubes were cut to desired
lengths using the tile saw located at Mustang ‘60 machine shop. There were no major issues while doing
this process, and the tile saw worked very well.
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Figure 5. Carbon Fiber Links

Assembly of our Verification Prototype (Figure 6 & 7) was completed as expected and followed
the assembly steps outlined in Appendix C.

Figure 6. Verification Prototype
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Figure 7. Outstretched Verification Prototype

2.2 Manufacturing Outcomes
One challenge faced across the whole project was providing a digital model of the arm to bridge
the gap between software and hardware. The Universal Robot Description Format (URDF) is the standard
file type used in ROS and provides a description of the members and joints in a robot, and their physical
relation to one another. Using this information, a kinematic solver can search the space of joint angles and
find a set of angles to place the end effector at a desired location. Exporting the URDF for our robot from
SolidWorks was not a trivial feat, and several iterations were made to try and satisfy the conditions
needed to utilize the default kinematic solver. After more research, we discovered that 3DOF arms were
not well supported and we would have to design our own kinematic solver. This led to research on closed
form inverse kinematic solutions and allowed us to still use the existing framework, but with our own
custom tweaks. Additional photos of the manufactured parts can be found in Appendix D.

3.0 Design Verification
Following the completion of our final prototype, we began the process of design verification.
Before beginning the project, the sponsor and the team worked together to establish a list of specifications
for the arm. These specifications were the guidelines for the design and construction of the arm. The
design verification process consists of test procedures that compare our rover arm’s properties and ability
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to the specifications we were designing towards. A detailed summary of our tests and the results can be
found in Appendix E. The tests are shown in Table 1.

Table 1. Testing Summary
Test

Requirement

Result

Pass/Fail

Physical Inspection

Stows itself

Stows

Pass

Picks up rocks:
Claw Actuation in Simulated Scenario

50 grams
8-14 mm

Moveit! Simulation and Physical Inspection

Video Mapping

Video Mapping

Reach 50 mm below wheels

Positional Accuracy:
2 mm
Positional Precision:
0.5 mm

57g
20mm

Pass
Pass

74mm

Pass

30.02mm

Fail

4.29mm

Fail*

Each test aimed to collect quantitative data about the rover to determine whether our design
sufficiently met the goals we initially set out with. For measurable specifications, we hoped to collect data
that showed whether we met the criteria and how much we exceeded or failed by.

3.1 Rover Arm Mechanical Interferences
An integral element contributing to the effective use of the rover arm is whether the arm can be
operated as expected without bumping, scraping, or obstructing itself or other physical components o n the
rover. When constructing this test procedure, we analyzed the movements that we expected the arm to
achieve. The most critical and likely comprisable position that the arm can be in is its folded position. In
the folded position, the arm is fully collapsed on top of the rover. With the arm in this position, we run the
risk of intruding on the rover’s solar panels. This position also runs the risk of the arm links running into
the base joint, or the arm joints interfering with one another. The test to check for interferences consists of
monitoring the arm while it is manipulated into the folded position as well as a range of outstretched
positions. It was critical that during this procedure, if any interference occurred, the motors were stopped,
and no components were forced into compliance.
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Figure 8. Interference Testing
When tested alone, the arm had no interferences with itself in any of the positions that were tested
(Figure 8). The distance between link 1 and 2 in the folded position was 18 mm, and the minimum
distance between arm components was 3 mm occurring between the base and the elbow motor
enclosure. During testing, we found that due to the high gear ratio in the base motor and subsequent high
torque on the worm gear, we were unable to manually manipulate the base joint and instead needed to
actuate the motor. In doing so, we mistakenly exceeded the angle restriction and rotated link 1 downward
into the base. The high motor torque was strong enough to easily snap the base where the worm gear
section of shaft slots into the bearing. Following this failure, we increased the wall thickness within the
base in this area, reprinted the base, and retested.
At this time, we have not been able to complete testing for interferences with other subsystems. A
complete rover will need to be assembled with all subsystems on one rover body for this to happen. We
have, however, checked for interferences between the arm and other subsystems in the complete CAD
model in SolidWorks. The simulated arm has no interferences.

3.2 Rover Arm Vertical Reach
Murray specified that in order for the arm to effectively collect samples, the tip of the end effector
should be capable of reaching 50 mm below the rover wheels when the rover is on flat ground. To
perform this test without the entire assembled rover, we needed to determine the distance from a known
location on the base of the arm, to a distance 50 mm below the wheels. From the CAD model, we found
that the distance from the rotational axis on the base to the 50 mm plane was 376.21 mm. To run this test,
X and Z coordinates relative to the base joint axis were inputted into the kinematic solver, which were
then sent to the Moveit software.
The arm was easily able to reach 400 mm below the base joint axis, exceeding the 50 mm specification by
23.79 mm.

8

3.3 Positional Accuracy and Precision
While the turret end effector positional accuracy and repeatability requirements are easy to
understand, they are much more complicated to test. In order to measure the x- and z-coordinates of the
claw tip relative to the base pitch axis origin, we filmed the arm moving to given command coordinates
and analyzed the video using a software called Tracker (See Figure 9). The end effector location was
highlighted via a bright orange Lego piece. This distinctive color is what is tracked in the video. The arm
operates in the xz-plane so included in the video is a metric ruler in the plane of motion to establish a
scale. Due to motor failures and Covid complications, our total testing time was very limited and almost
all testing had to be done by a single team member. Without the full team being able to contribute to
testing, few positional data points were successfully captured (See Table 2).
Table 2. Positional Accuracy Test Data Collection

Another complication with the data we did get was that the origin was out of plane with the claw
tip. This was the first testing data we collected, and we had not realized we needed to bring the base axis
into the plane of motion. To compensate, we used perspective lines to establish the vanishing point in the
video then used this to project the base axis roughly into the plane of motion. Obviously, this is an
estimation of where the origin is located, so most of our positional uncertainty arises from this. After
conducting uncertainty analysis and error propagation (See Appendix F), we found our positional error
from given command coordinates to be 30.02mm ± 2.0mm. Each video trail gave a fluctuating end
effector x- and z-coordinate, contributing a repeatability uncertainty, but the main source of uncertainty
came from the manual placement of the origin and designation of the scaling object. Error propagation
through the distance formula led to an overall end effector positional error and uncertainty for each trial.
These results were then averaged over the five trials.
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Figure 9. RAT End Effector Position Tracking
Although our positional testing was limited, we did learn a lot about the system, our motors, and
how to properly conduct tests in the future. Clearly, we did not meet our design requirement of positional
accuracy within 2mm. The main source of our huge error was the backlash in the elbow and wrist motors.
The worm gear train in the base structure eliminates backlash. After some experimentation, we discovered
that the total backlash angle for each motor was about 2.7˚. Due to how the arm moves, gravity will
always act in the same direction for Link 2. Thus, an angular offset to whatever the inverse kinematic
solver outputs for the elbow motor should greatly improve accuracy. The wrist is more complicated
because the angle required may change the direction of the backlash. We developed offsets, but before we
could implement and test them, technical failures ensued. In terms of our repeatability design
requirement, it’s inconclusive. The uncertainty in our video analysis prevents us from determining how
reliably we can return the arm to a desired position. We will note, however, that the greatest difference
between two positions for the given command coordinates was 4.29mm according to the video tracking.

3.4 Rover Arm Rock Collection Test
One of the main functions of the rover arm is to collect rock samples for element composition
analysis. This function requires the arm to pick up rocks of different sizes that could range from 8mm to
14mm in diameter. The test developed to validate this design requirement was placing rocks that meet
sample specs, in range of motion of the arm to be collected, followed by successfully transporting the
rock to a specified location. For the test, all rock samples were placed at a location 230mm in front of the
base joint axis, and 400mm below the base joint axis. There were three rocks with varying diameters 15,
40 and 55mm and with weights of 3, 45, and 50 grams respectively. The arm successfully picked up the
40 and 55mm rocks but not the 15mm rock. The smaller rocks proved difficult to be picked up by the
claw, however once the rock was placed in the claw, the rock was able to be transported without being
dropped as seen in Figure 10. Alternately the arm picked up the larger 50 grams rock, but the claw’s
springs did not provide enough force to secure the rock in place, so it was dropped during transport.
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Figure 10. RAT End Effector Position

Figure 11. RAT End Effector Position

We learned that we need springs with higher torsion force for the claw and a make a slight change
to the claw finger tips to improve small rocks collection. Adding a single rubber band around the claw
fingers provided enough clamping force to successfully carry the larger rocks. Figure 11 shows the claw
successfully holding the 50 grams rock with the help of the rubber band. Due to the density of rock, it is
impossible to acquire samples that fall within our size requirements that also weigh more than 50g. Thus,
these two requirements had to be tested separately.

3.5 Interference and Collision Testing
Multiple safeguards at each layer of the software, including: Roboclaw firmware, Moveit
simulation, and kinematic solver, all prevent the arm from actuating its motors beyond the desired limits.
The only way that a motor could be actuated beyond its limits is if the encoders malfunction or the arm is
not in the folded position when the software is booted up. Both scenarios could result in the software
having an incorrect digital representation of the arm, and could result in collision between motors, links,
etc.

3.6 Lessons Learned
For future RAT projects, the most important takeaways from our testing endeavors are ensuring
high quality motor wiring and protecting said wiring from excessive bending at connection points.
Eliminating backlash might mean acquiring expensive, high-quality motors or redesigning the elbow and
wrist joints to incorporate backlash-reducing gear trains (though this solution will undoubtedly increase
weight). Luckily, we made a final purchase at the end of testing season to acquire very nice Max on
motors for the next iteration of RAT. For future positional testing, we strongly recommend using a
coordinate measuring machine (CMM). This will eliminate so much of the uncertainty we experienced
and lead to much more expedient testing once the program is set up. That being said, an ME team might
require a bit of training to properly use the CMM. For reference, all of our testing procedure documents
are found in Appendix G.

4.0 Discussion & Recommendations
This section of the report covers the discoveries and recommendations the RAT team had while
completing this project. The subsections discuss particular findings and suggestions that may be useful to
future teams continuing this project for the next rover generation. Section 3.6 already includes lessons
learned and recommendations for future testing. The RAT team’s user manual for assembly and safe
operation of the arm can be found in Appendix H. For a more in-depth view of operational safety
concerns, see our Risk Assessment in Appendix I.
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4.1 Motor Troubleshooting
One aspect of this project that introduced several unexpected challenges was the acquisition of
new motors after developing our structural prototype. As mentioned earlier in the design updates, filtering
circuits had to be added to the encoder signal lines due to the noise present during normal operation. In
addition, these new motors shipped from the factory with a small piece of tape that kept the wires pinned
to the motor body. Unbeknownst to our team, this piece of tape was a critical component of the motors
and without it, the motor wires’ only support was the small amount of solder connecting them to the
motor PCB. Removing this piece of tape did not result in immediate failure, but all motors that had this
tape removed eventually stopped functioning.

4.2 Lack of Structural Analysis
For a very large portion of our project, we did not know what kind of 3D printed material the
rover arm would be made of. In the first quarter of the project and much of the second, our sponsor told
us to expect a sponsorship by a company called Carbon 3D who would print all of our parts in a high
strength carbon fiber infused printing filament. During our design and analysis phase, we requested the
material properties of this filament in different print settings and orientations but were never given this
information. Without it, we couldn’t establish factors of safety on stress calculations or even estimate the
weight of the final arm. What we should have done was assume the filament had the material properties
of a common printing medium such as PLA. Then, knowing the CF filament was stronger, we would have
been more confident in our arm’s ability to withstand the expected loads.

4.3 Changes and Next Steps
As mentioned above, our arm did not meet one of its most important design requirements,
positional accuracy and repeatability. Section 3.6 addresses some design changes that could ameliorate
the discrepancy between command coordinates and end effector position. Additionally, the torsion springs
in the claw (or however the claw fingers are held around the cam) need to be stronger to reliably pick up
rock samples that weigh 50 grams. Not only this, but they should be made from CuSn6 or titanium so that
they can withstand the extreme low temperatures of the Martian atmosphere without becoming brittle.
Making the arm as a whole hardy to a Mars environment is the next big step in the development
of the rover project. To this end, the wiring to each motor must be routed inside the carbon fiber tubes out
the base shaft. Cutting slots in the exterior of the carbon links is fairly simple and we have completed a
trial run of this. Furthermore, the electrical wiring should be wrapped in MLI (Multi-Layer Insulation) to
consolidate hardware and give thermal protection. Finally in the base, the exposed worm gear will
succumb to dust intrusion on the surface of Mars so a housing for the base assembly that both seals the
gear train and allows full range of motion must be designed. Luckily, printing material seems to have
settled on CF polypropylene so material properties for analysis should be more definitive. In terms of
weight reduction, printing the worm assembly in the base might eliminate a significant amount of metal
that isn’t being used anywhere near its yield strength. However, improving the weight of the electric
motors will be difficult given the torques they need to provide.
In terms of manufacturing changes, the variety of fasteners, both imperial and metric, used in our
arm is atrocious. Fastener standardization is a must have for any continuation of this project. Our printing
was done with a 0.4mm nozzle. While this produced quality parts that we able to post process to assemble
the Verification Prototype, higher resolution printed parts would make assembly considerably faster. This
might be accomplished through different 3D printer settings or. A smaller print nozzle.
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5.0 Conclusion
The development of the rover arm system was an arduous endeavor, which provided many
engineering challenges and pushed the team to implement the knowledge acquired through our academic
career. Resulting on a prototype that met most of the revised requirements. The final design was fairly
lightweight, with most of the weight coming from the motors used for actuation. It was able to retrieve
rocks with some success, however the claw’s springs did not have enough torsion to hold the bigger rocks
in place. The arm achieved the goal of reaching 50 millimeters below the bottom of the wheels. We were
unable to meet the requirements for precision and repeatability, due to motor failures and motor
performance issues such as backlash and encoders misreading position. Time constraints also played a
factor in the success of the system, since the time available for troubleshooting the motors was limited.
The rover had several teams working on different projects concurrently. Therefore, we were not able to
assemble the whole rover together to check for software interference. In retrospect, we would have
benefited from procuring the components and testing at an earlier time, because most of the setbacks we
experienced were discovered during the testing phase. It is hard to predict how components would interact
with each other and predict issues, even when analysis is done ahead of time. This project provided
several lessons for the team and provided a great overview of the engineering process. Now we better
understand the mantra “fail fast and often” which will lead to a better overall final product.
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Appendix A
There are currently 138 source files and 6000+ lines of code used to run the RAT, find it all here:
https://github.com/scole02/rat_ws2
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Materials Budget for Senior Project
Title of Senior Project:

Rover Arm & Turret (F13)

Team members:

Kyle Peterson, Kendall Chappell, Sam Cole, Rodrigo Gonzalez

Designated Team Treasurer:

Kyle Peterson

Faculty Advisor:

Peter Schuster

Sponsor:

Rich Murray

Quarter and year project began:

Fall 2021

Materials budget given for this project:

$4,000.00

From a Baker-Koob grant
Transaction Amount
Email Confirmed Cost
(incl. shipping and tax)

Date purchased

Vendor

Description of items purchased

01/21/22

McMaster

Fasteners, springs, delrin

$

134.33

01/21/22

ServoCity

Motors, bearings, hardware adapters, carbon tubing

$

182.91

01/21/22

Misumi

Bearings

$

88.72

01/21/22

ACER Racing

Sprag clutch bearings

$

35.63

01/21/22

BasicMicro

RoboClaws

$

159.90

01/30/22

Adafruit

Wiring

$

28.87

02/21/22

ServoCity

Motors, bearings, hardware adapters

$

483.41

03/28/22

Amazon

Carbon fiber 3D printing filament

$

96.52

04/07/22

McMaster

Fasteners, bolt stock, cotter pins

$

42.97

04/19/22

Amazon

3D printing accessories

$

206.26

04/19/22

3DXTech

Carbon fiber 3D printing filament

$

214.58

06/02/22

ServoCity

Replacement motors, Roboclaws

$

405.82

06/02/22

Maxon

Space worthy motors

$

1,072.76

06/02/22

Treatstock

Rover chassis printing

$

753.79

$

3,906.47

Total expenses:

budget:

$

4,000.00

actual expenses:

$

3,906.47

remaining balance:

$

93.53

ROVER ARM AND TURRET
Indented Bill of Material (iBOM)
Assy
Level

0
1
2
2
2
2
2
2
2
1
3
3
3
3
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
2
3
3

Part
Number

0
1000
1001
1002
1003
1004
1006
1007
1008
2000
2001
2002
2003
2004
3000
3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3100
3101
3102
3103
3200
3201
3202

Descriptive Part Name

Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
Rover Mecahncial Arm
Base Assembly
Base Housing
Link/worm connector
Worm Gear
Base Motor
Bearing
Spacers
Worm Gear Shaft
Elbow Assembly
Motor Pin Connection Housing (Elbow)
Motor Enclosure (used again in wrist)
4mm Hub Clamp (used again in wrist)
Elbow Electric Motor
Wrist/Claw Assembly
Roll Motor Housing
Sprag Bearing Mount
Roll Electric Motor
Sprag Clutch Bearing
M4x0.7x8 SHS Stainless
M4x0.7 Nut
Shaft Coupling 4mm to 6mm
Motor Pin Connection Housing (Wrist)
2-56 Thread Inserts
2-56x5/16 SHS Stainless
Wrist Electric Motor
Cam Assembly
6mm D-shaft
6mm Hub Clamp
Claw Cam
Claw Assembly
Claw Base
Claw Finger

Mat'l
Cost

Qty

1
1
1
1
1
2
2
1
1
1
2
2
1
1
1
1
1
1
4
4
1
1
3
3
1
1
1
1
1
1
1
2

$
$
$
$
$
$
$

Production
Cost
Total Cost

Part Source

More Info

24.99
49.99
3.69
1.99
-

$
$
$
$
$
$
$

-

$
$
$
$
$
$
$

24.99
49.99
7.38
3.98
-

3DXTech
3DXTech
ServoCity
ServoCity
ServoCity
ServoCity
Hangar Scrap

carbon filament, 3D printed
carbon filament, 3D printed
SKU:3204-0001-0002
SKU: 638302, 195 RPM
SKU:1601-0001-0500
SKU: 633110
machined aluminum

$ $ $ 4.99
$ 49.99

$
$
$
$

-

$
$
$
$

9.98
49.99

3DXTech
3DXTech
ServoCity
ServoCity

carbon filament, 3D printed
carbon filament, 3D printed
SKU: 545568
SKU: 638296, 52 RPM

$
$
$
$
$
$
$
$
$
$
$

49.99
39.99
0.08
0.06
4.99
0.24
0.34
49.99

$
$
$
$
$
$
$
$
$
$
$

-

$
$
$
$
$
$
$
$
$
$
$

49.99
39.99
0.33
0.25
4.99
0.72
1.02
49.99

3DXTech
3DXTech
ServoCity
ACER
McMaster
McMaster
ServoCity
3DXTech
McMaster
McMaster
ServoCity

carbon filament, 3D printed
carbon filament, 3D printed
SKU: 638376, 416 RPM
8mm ID, 22mm OD, 9mm width
91292A108
91828A231
SKU: 625081
carbon filament, 3D printed
97164A103
92200A723
SKU: 638300, 142 RPM

$ 1.59
$ 7.99
$ 48.56

$
$
$

-

$
$
$

1.59
7.99
48.56

ServoCity
ServoCity
McMaster

2101-0006-0040
SKU: 545618
machined delrin AF

$
$

$
$

-

$
$

-

3DXTech
3DXTech

carbon filament, 3D printed
carbon filament, 3D printed

-

Subsystem Cost

$

86.34

$

59.97

$

257.83

Assy
Level

Part
Number

3
3
3
3
3
1
2
2
1
2
2
1
2
2

3203
3204
3205
3206
3207
4000
4001
4002
5000
5001
5002
6000
6001
6002
Total Parts

Descriptive Part Name

Qty

LH Torsion Spring
RH Torsion Spring
Claw Finger Bearing
Claw Bolt
Cotter Pin 3.2 mm

1
1
4
2
2
1
1
1
1
2
1
1
15
12

Links
Link 1
Link 2
Electronics
RoboClaw Motor Driver
Silicone Coated Wiring
Common Fasteners
M2x0.4x8 SHS Stainless
6-32x1/2 Torx Head Screw

60

Mat'l
Cost

$
$
$
$
$

Production
Cost
Total Cost

Part Source

More Info

2.77
2.77
11.09
1.05
0.21

$
$
$
$
$

-

$
$
$
$
$

2.77
2.77
44.36
2.10
0.41

McMaster
McMaster
Misumi
McMaster
McMaster

9287K208
9287K207
MR128ZZ1
4634T37, machined aluminum
98350A662

$ 69.99

$

-

$

69.99

ServoCity

SKU: 635016
Used Link 1 material

$79.95
$28.87

$

-

$ 159.90
$ 28.87

BasicMicro
Adafruit

IMC404
Color coated 26AWG wire

$ 0.10
$ 0.08

$
$

-

$
$

McMaster
McMaster

91292A832
90022A148

1.43
0.97

$ 665.30

Subsystem Cost

$

69.99

$

188.77

$

2.40

$

665.30

Manufacturing Plan
Base
Base Structure
Carbon fiber 3D printing
1. Submit a CAD/STEP file to be 3D printed
2. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Worm Gear to Link Connector
Carbon fiber 3D printing
3. Submit a CAD/STEP file to be 3D printed
4. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit

Claw & Wrist
Roll Motor Housing
Carbon fiber 3D printing
5. Submit a CAD/STEP file to be 3D printed
6. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Soldered Thread Inserts
7. Use soldering iron to heat inserts and press them into the tapered holes in the part
Sprag Bearing Mount
Carbon fiber 3D printing
8. Submit a CAD/STEP file to be 3D printed

9. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Claw Base
Carbon fiber 3D printing
10. Submit a CAD/STEP file to be 3D printed
11. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Claw Fingers
Carbon fiber 3D printing
12. Submit a CAD/STEP file to be 3D printed
13. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Wrist Motor Pin Connection Housing
Carbon fiber 3D printing
14. Submit a CAD/STEP file to be 3D printed
15. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Cam
Laserbed
14. Cut ¼” Delrin oval shape 34.0mm by 39.1mm from sheet with four 3.5mm holes
arranged in a square pattern (side length of 13.83mm) centered on the oval
Camshaft
Manual Lathe
15. Face 6mm D-shaft down to a length of 48.5mm
Camshaft Hub
Manual Lathe

16. Clamp hub to a D-shaft and put the shaft in the lathe chuck
17. Turn down OD of hub by 3mm
Claw Bolts
Manual Lathe
17.1. Turn down 39mm long segment of 12mm OD 6061 round bar to 8mm OD
17.2. Drill a size 41 through hole whose center is about 3mm from the end of the part
17.3. Part the claw bolt so its total length is 39mm
17.4. Chamfer sharp edges

Elbow Joint
Elbow/Wrist Motor Enclosure
Carbon fiber 3D printing
18. Submit a CAD/STEP file to be 3D printed
19. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit
Elbow Motor Pin Connection Housing
Carbon fiber 3D printing
20. Submit a CAD/STEP file to be 3D printed
21. Sanding, filing, or reaming may be necessary to remove excess material and prepare
holes for slip or press fit

Links
Carbon Fiber Tubes
Tile Saw

22. Cut two segments of the 1” OD tube, one length being 200mm and the other being
230mm
23. Cut holes once assembled to accommodate wiring

Wiring
Silicone Insulated Wires
Wire Cutters/Strippers
24. Cut six 6 inch lengths of wire for each motor
Soldering Iron
25. Desolder standard wires on motors (6 each)
26. Solder on the new lengths of wire
Crimper
27. Attach female crimps to the end of all the newly soldered wires
28. Fit a six-pin female Dupont connector to each of the four motors

Assembly
Base Subsystem
1. Set the two bearings with the flange side facing the inner part of the base.
2. Place the worm gear next to the bearing, on the side with the mounting geometry for the
base motor.
3. Secure the worm link connector to the gear using four M4 7mm screws.
4. Insert the ½ inch carbon fiber link through the bearings, gear and connector with the
small opening facing the cylindrical portion of the connector.
5. Set worm onto the motor shaft at desired position.
6. Secure the motor to the base using four M4 7mm screws.
7. With the motor secured, adjust the worm location to have optimal contact with the gear
and secure the worm with the provided set screws.
8. Attach base to the rover body using the required fasteners.

Elbow Joint Subsystem
9. Fasten the motor to the motor enclosure using two M3x0.5 18-8 stainless steel socket
head screws.
10. Secure the tapped clamping hub onto the motor shaft by screwing the set screw onto the
flat surface of the motor shaft.

11. Fasten the motor pin connection housing to the clamping hub using four 6-32x1/2” Torx
head screws.

Claw/Wrist Subsystem
12. Secure wrist motor to motor enclosure part by using two M3x0.5 18-8 stainless steel
socket head screws.
13. Secure the tapped clamping hub onto the motor shaft by screwing the set screw onto the
flat surface of the motor shaft.
14. Secure the wrist motor pin connection housing to the hub clamp by using four 6-32x1/2”
Torx head screws.
15. Secure the roll motor to the roll motor housing by using two M3x0.5 18-8 stainless steel
socket head screws.
16. Insert the thread insert end of the roll motor housing into the wrist motor pin connection
housing and align the three counterbored holes with the three thread inserts.
17. Secure roll motor housing to the wrist motor pin connection housing using three 256x1/2” Philips head screws.
18. Couple the roll motor shaft to the 6mm D-shaft (camshaft) using the 4mm to 6mm shaft
coupler. Tighten socket head screws in shaft coupling.
19. Slide the sprag bearing mount over the camshaft until its holes line up with the flanged
holes on the roll motor housing.
20. Secure the sprag bearing mount to the roll motor housing with four M4 bolts and nuts.
21. Claw Base Subassembly
21.1. Press fit the sprag clutch bearing into the 22mm hole at the back of the part.
21.2. Press fit the four 8x12x3mm claw finger bearings into the two claw fingers.
21.3. Deflect the left hand and right hand torsion springs 90˚and place them in the left
and right side of the claw base (when viewed from the front) in between the protruding
holed tabs. Each spring’s deflected leg should be behind the other spring. The cylindrical
coil of the springs should be coaxial to the holes in the tabs.

21.4. Place the claw fingers over the claw base tabs, aligning the bearing holes with the
tab holes. Make sure the other spring legs (the ones not behind the springs) are on the
outside of the claw fingers.
21.5. Put a claw bolt through both claw finger bearings, the claw base tabs, and the
torsion spring on the left side of claw assembly. Repeat for the right hand side.
21.6. Secure bolts with two 3.2mm cotter pins.
22. Cam Subassembly
22.1. Secure the Delrin cam to the machined 6mm D-hub using four 6-32x1/2” Torx head
screws.
23. Press fit the claw base assembly onto the sprag bearing mount, aligning the internal
keyway of the sprag bearing with the printed key on the mount.
24. Open the claw and slide the cam assembly onto the camshaft which should be sticking
through the claw base. Clamp the D-hub to the cam shaft with the set screw, being sure to
place the set screw on the flat surface of the shaft.

Links
25. Attach all the links to the corresponding subsystems using epoxy.

Appendix D – Manufactured Parts
Base Assembly
Part

Material

Base

3D Printed - Carbon
Fiber Infused Filament

Worm Gear to
Link Connector

CAD Model

3D Printed - Carbon
Fiber Infused Filament

16

Part

Roll Motor Housing

Sprag Bearing Mount

Wrist Motor Pin
Connection Housing

Claw Base

Wrist & Claw Assembly
Material

3D Printed - Carbon
Fiber Infused
Filament

3D Printed - Carbon
Fiber Infused
Filament

3D Printed - Carbon
Fiber Infused
Filament

3D Printed - Carbon
Fiber Infused
Filament

17

CAD Model

Claw Fingers

3D Printed - Carbon
Fiber Infused
Filament

Claw Bolts

Aluminum

Claw Cam

Delrin

Motor Enclosure

3D Printed - Carbon
Fiber Infused
Filament

18

Elbow Assembly

Part

Motor Enclosure

Elbow Motor Pin
Connection Housing

Material

CAD Model

3D Printed - Carbon
Fiber Infused
Filament

3D Printed - Carbon
Fiber Infused
Filament

19

Figure D1. Assembled Base

Figure D2. Worm Gear to Link Connector

20

Figure D3. Roll Motor Housing

Figure D4. Sprag Bearing Mount

Figure D5. Wrist Motor Pin Connection Housing

21

Figure D6. Claw Bolts

Figure D7. Elbow/Wrist Motor Enclosure

22

Figure D8. Elbow Motor Pin Connection Housing

Figure D9. Assembled Claw
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DVP&R - Design Verification Plan (& Report)
Project:

Rover Arm Turret (F13)

Sponsor:

Rich Murray

Edit Date: 5/24/2022

TEST PLAN
Test
#

Specification

3

4

Measurements

RAT can stow itself
while driving.

Move the arm assembly into the
Gap from each
folded/park configuration to make sure component
there is enough clearance from each
component to get to the park position.

RAT can pick up rock
samples of up to 50
grams in weight
between 8 and 14mm
in diameter. The arm
can collect samples
50mm below the
plane of the wheels.

Rocks that meet sample specs are
placed in range of motion of the of the
arm to be collected. At least one of the
rocks must be at an elevation
corresponding to 50mm below wheel
plane. Arm is commanded to rock
coordinates and the claw actuation is
tested for strength.

The arm is able to get
to a desired location
within 2mm and
repeat the same
movements within
0.5mm of its previous
position

A set of desired pick up points is
Positional error,
established that sample the expected positional
range of motion of the arm. Computer repeatability error
vision system is used to track the
relative position of the end effector to
the base axis of motion. Effector
position is compared against
commanded coordinates.

The arm
performs
movements
within the 2mm
tolerance and
0.5mm on repeat
movements.

The arm does not
interfere with other
rover components in
normal operation.

The arm is able to move without hitting Pass/Fail
or obstructing any other rover feature

The arm
Open Space, PC
movement does
not obstruct
other rover
features

1

2

Test Description

TEST RESULTS

Acceptance
Required
Parts Needed
Criteria
Facilities/Equipment
The arm can get Open Space, PC
VP, base
to the stow
mounting
folded position
without any links
or components
hittting each
other

Sample size and
weight, sample
position relative
to base axis of
motion

The arm and
Open Space, PC,
claw structure
length scale, weight
have the power scale
to pick up rocks
of 50 grams from
required
elevations.

VP, base
mounting

Responsibility
Kendall

Kyle, Sam

TIMING
Start date Finish date
5/20/2022 5/24/2022

5/10/2022

5/24/2022

Numerical Results

Notes on Testing

N/A

The arm can fully collapse
with no mechanical
interferences with itself.
Recommended next steps:
Test arm on the finished rover
containing all subsystems.

Target elevation reach?
Yes
Largest diameter sample
picked up:55 mm

The arm can pick up rocks of
various sizes and weights.
The 3 grams, 15 mm diameter
rock and the 45 grams, 40
mm rock were picked up and
move to desired location. The
50 grams rock was dropped
during arm movement.

Heavist sample picked
up: 50 grams

Open Space, PC,
VP, base
PLC computer vision mounting
system, high
constrast backdrop

Kyle, Sam

5/10/2022

5/24/2022
Ended due
to motor
failures

Average positional
inaccuracy: 30.02mm
Greatest distance
between repeated
manuveurs: 4.29mm
Overall test failed.

Page 1 of 2

VP, base
mounting

Rodrigo

5/15/2022

Not
completed
yet

N/A

We could only test one
command point (300mm,
100mm) before the motors
failed. The effect of backlash
is significant and our testing
apparatus was sub-optimal.
We should have inquired into
using a CMM.
Tests could not be completed
because the final rover has
not yet been assembled.
Additionally, motor failures
resulted in an inability to
actuate the entire arm.

Print Date:

DVP&R - Design Verification Plan (& Report)
Project:

Rover Arm Turret (F13)

Sponsor:

Rich Murray

Edit Date: 5/24/2022

TEST PLAN
Test
#

5

Specification

Test Description

RAT software
Software does not interfere with other
actuates arm as
rover functions
intended and avoids
interference with other
rover features on the
main Raspberry Pi.

Measurements
Pass/Fail

Acceptance
Criteria
Software works
as expected

TEST RESULTS
Required
Parts Needed
Facilities/Equipment
PC
VP

Page 2 of 2

Responsibility
Sam

TIMING
Start date Finish date
5/15/2022
Not
completed
yet

Numerical Results

Notes on Testing

N/A

Tests could not be completed
because the final rover has
not yet been assembled. The
rover software is not fully
operational yet.

Print Date:

RAT End Effector Positioning Uncertainty
Directly Measured Values
X-Coordinate (mm)
Z-Coordinate (mm)

Measured Value
295.35
71.22

Desired End Effector X Position [mm]
Desired End Effector Y Position [mm]

Bais Uncert.
2
2

300.00
100
Nominal
f(x)

f(x): Positional Error [mm]
Computed Quantity Uncertainty, Uc [mm]

X-Coord
Z-Coord
f(x+Uxm)-f(x) f(x+Uxm)-f(x)
29.15
-0.252
-1.975
1.99
Error Uncert

Error 1 (mm)
Error 2
Error 3
Error 4
Error 5

30.23
30.81
29.15
29.86
30.06

2.0
2.0
2.0
2.0
2.0

AVG Error

30.02

2.0

Precision Uncert.
Repeatability Uncert. Uxm
0.0000
0.0960
0.0000
0.0960

2.002
2.002

Test Name: RAT – Interference free arm movements test
Purpose: The purpose of this test is to verify that the rover’s arm does not interfere with any other rover
component while performing its intended tasks.
Scope: This test will evaluate the rover’s arm ability to perform movements and its intended tasks without
hitting or obstructing any other rover’s components.
Equipment:
•
•

Verification prototype
Visual inspection

Hazards:
•

Pinch points

PPE Required:
None specified
Facility Requirements:
The test can be conducted at any open space that has a level surface.
Procedure:
Steps to be executed

Expected Behavior

1. Move the rover arm from the stow

The rover arm goes to the ready

configuration to the ready configuration

position without hitting another component

2. Move the rover arm to its backmost position

The arm’s links will only move to a back position
that does not hit or interfere with another rover
components

3. Move the rover arm to its forwardmost position

The arm’s links will not hit the rovers body

4. Performed the action of picking up a rock

The arm’s links do not hit another component
during the picking up and storing action.

Results: Pass criteria, fail criteria, Number of samples to test. The arm passes the test if it is able to
perform the steps outlined above without hitting any other rover components.

Stow Position

Ready Position

Data:
Interference Free Arm Movement Test
Test 1

Test 2

Test 3

Claw and wrist
elbow
links

Test Date(s):
Not performed because all the rover subsystems were never assembled.
Results:
TBD
Performed by:

Test 4

Test 5

Test Name: RAT – Interference software test
Purpose: The purpose of this test is to verify that the rover’s arm software does not send commands to
actuate the motors beyond a desired limit.
Scope: This test will evaluate the rover’s arm simulated ability to perform movements and its intended
tasks without hitting or obstructing any other rover’s components.
Equipment:
•

Raspberry Pi

Hazards:
•

None

PPE Required:
None specified
Facility Requirements:
The test can be conducted anywhere
Procedure:
1. Boot up Raspberry Pi and launch ROS server using appropriate launch file.
2. With RViz (ROS Vizualizer) open, add a “Motion Planning” object to the scene, this will load in
the arm model.
3. Open a separate terminal window and use “rostopic” to print the “/motor” topic to the screen.
This will display the expected joint angles in radians for each joint of the arm.
4. Using the visual sliders overlayed on the arm mesh, actuate the arm beyond its limits and observe
the reported behavior in both RViz and the terminal.

Results: Pass criteria, Fail criteria, Number of samples to test.
The software passes the test if no joint angles are printed greater than the threshold specified in the URDF
file. In addition the Moveit software should prevent the arm from even planning a path for a location that
is outside the scope of the set joint angles.
Test Date(s):
Not performed because all the rover subsystems were never assembled.
Results:
TBD

Performed by:

Test Name: RAT End Effector Positioning Accuracy and Repeatability (RATEEPAR)
Purpose:
Evaluate whether our current physical and software systems can achieve the arm’s design
requirement of an end effector positional accuracy of ±2mm that is repeatable within 0.5mm.
Scope:
The procedure assesses the accuracy not only of the MoveIt inverse kinematics and RoboClaw
control system but also the effect of backlash and flexibility of the physical system. The combined
performance and uncertainty of the two systems contribute to our arm’s ability to meet design
requirements.
Equipment:
-

PC with Tracker software
Smart phone for video
Verification Prototype
Solid background, preferably with a small square of known dimensions marked somewhere to
establish a scale for distance measuring and directions for x- and z-axes (y-axis is the pitch axis)
Paint pen or sticker for marking end effector location

Hazards:
-

Pinch points
Break the robotic arm

PPE Requirements:
The hazards present in this test do not warrant any personal protection equipment.
Facility:
-

Anywhere with sufficient lighting and power

Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1. Set up background, arm in rest position, and camera such that the camera has a full, unobstructed
side view of the arm in front of the solid background.
2. Add high contrast color to base pitch axis (origin in 2D plane). This will likely be a colored circle
whose center point can be determined by the PLC.
3. Add high contrast color to end of claw.
4. Set up Tracker software to measure the end effector location relative to the origin at the base
pitch axis.
5. Create a set of five desired coordinate points to test. These should roughly cover the expected
range of motion of the arm and turret.
6. Command the arm to move to the first end effector coordinate.
7. Measure effector position using PLC vision system. Record coordinates and deviation from
desired coordinate.
8. Command arm back to rest position.

9. Command arm to move back to first position and record coordinates and deviation.
10. Repeat steps 8 & 9 three more times to obtain a total of five data readings for the first position.
11. Repeat steps 6 through 10 for each of the other four testing coordinate points.
Results: Pass Criteria, Fail Criteria, Number of samples to test
The arm passes the positional tolerance if the locational error for each position is 2 mm or less. The arm
does not pass if the end effector error is larger than 2 mm for any of the positions. The arm will pass the
repeatability criteria if the arm can repeat each of the positions within 0.5 mm. The arm will fail if any of
the positions cannot be repeated within 0.5 mm.
Test Date(s):
5/18/22
Test Results:
Position #
X-Coordinate(cm)
Z-Coordinate(cm)

1
30
10

Position # 1
Trial 1
(297.31, 69.89)
Error 1
30.23mm
Trial 2
(299.14, 69.20)
Error 2
30.81mm
Trial 3
(295.35, 71.22)
Error 3
29.15mm
Trial 4
(295.78, 70.44)
Error 4
29.86mm
Trial 5
(295.66, 70.25)
Error 5
30.06mm
Performed By:

2
60
15

3
25
25

4
10
25

5
30
0

2

3

4

5

Motors

broke

down

RIP

RAT Team: Kyle Peterson, Sam Cole

Test Name: RAT Sample Acquisition Test (RATSAT)
Purpose:
The purpose of this experiment is to determine whether our physical hardware system can
achieve the arm’s design requirement of picking up a Martian rock sample of size 8 to 14mm in
diameter weighing up to 50 grams. In addition, this test should show the arm can collect samples
located 50mm below the wheels of the rover.
Scope:

The procedure assesses the range of motion of the claw mechanism as well as the
gripping strength of the springs in the claw. The range of the motion of the claw is a function of
the claw finger, claw base, and cam geometry. Hand calcs were performed to verify the current
cam will sufficiently pry open the claw fingers to grasp 20mm rocks, but this test will physically
verify those calculations. Hand calculations were also done for the spring torsional constant, but
those calculations didn’t account for the gripping ridges featured on the claw fingers. This test
should determine if the arm can pick up samples and move them to any point within its range of
motion (including below the wheels of the rover).
Equipment:
• Variety of rocks ranging in size, shape, and weight
• Structural/Verification prototype
• PC to run prototype
• Engineering scale to measure samples
• Weight scale to measure samples
• Mounting stand for prototype
Hazards:
• Pinch points
• Break the robotic arm
PPE Requirements:
• The hazards present in this test do not warrant any personal protection equipment.
Facility:
• This test can be conducted anywhere there’s a sufficient power supply.
Procedure:
1. Utilizing the scales, gather a plethora of small rocks such that the sample population is
representative of the range of weights and sizes asked for by the design requirements.
2. Secure structural/verification prototype to elevated mounting stand so the arm has enough
room to reach an elevation equivalent to 50mm below rover wheels.
3. Connect the prototype to the PC and actuate the claw open with the cam.
4. Using an engineering scale, record the maximum opening width of the claw at the
gripping point.
5. Place one of the gathered samples in the plane of the arm, preferably at known
coordinates to make moving to collection site easier.
6. Ensure claw is open and move the end effector to collection location.
7. Command the arm to close the claw on the rock sample by rotating the claw cam.

8. Note whether the sample has been secured between the claw fingers. If not, adjust move
coordinates of Step 6.
9. Move end effector vertically upward 10mm or so to verify that the claw fingers are
indeed strong enough to carry the weight of the sample.
10. Command the arm to move through a path roughly outlining the full range of motion to
ensure that the arm is strong enough to support the sample weight at any end effector
position.
11. Repeat Steps 5 through 10 for at least 3 different rock samples (including one of 14mm
diameter and one of 50g mass), placing the samples at differing points in the plane of motion
of the arm.
Results:
All rock samples were placed at a location 230mm in front of the base joint axis, and
400mm below the base joint axis.
The arm was able to pick up the larger rocks from beneath the theoretical wheelbase, but
the springs providing the clamping force of the claw were unable to hold the rock when the claw
was raised from the ground. On the other hand, the smaller rock proved too small a target to be
grabbed with precision. Both the accuracy of the whole motion planning system and the design
of the claw fingers made it extremely difficult to grab a sample of this size on purpose.
However, once the smaller sample was in the claw fingers, the arm was able to go through any
motion without premature dropping of the sample.
(Note: Adding a rubber band around the claw fingers provided enough extra clamping force to
carry the larger rocks)
Test Results:
Rock #
Weight (grams)
Approx.
Diameter (mm)
Picked Up
Dropped during
movement

1
45
40

2
50
55

3
3
15

Yes
No

Yes
Yes

No
No

Performed By:
Sam Cole

Test Name: RAT – Arm’s reach capability

Purpose: The purpose of this test is to verify that the rover’s arm is able to reach 50 mm below the
rover’s wheelbase.
Scope: This test will evaluate the rover’s arm ability to reach at least 50 mm below its wheelbase. This
feature is crucial for the rover to perform some of its intended tasks.
Equipment:
•

Verification prototype

•

Ruler or measuring tape

•

Pinch points

Hazards:

PPE Required:
None specified
Facility Requirements:
The test can be conducted at any open space that has an elevated level surface.
Procedure:
Steps to be executed
1. Move the rover arm from the ready position to the front down position and set the arm as low as it can
go. Make sure that the arm is able to reach at least 50 mm below its wheelbase.
3.
Move the rover arm to a position about 45 degrees from the front center position and set the arm
as low as it can go. Verify that the arm is able to reach at least 50 mm below its wheelbase.
4.
Move the rover arm to a position about 90 degrees from the front center position and set the arm
as low as it can go. Verify that the arm is able to reach at least 50 mm below its wheelbase.
Results: Pass criteria, Fail criteria, Number of samples to test.
The arm passes the test if it is able to reach 50 mm below its wheelbase at every position tested.

Arm Reach Test
Test 1

Test 2

Test 3

Test 4

Test 5

Arm at front
center
Arm at 45
degrees from
front center
Arm at 90
degrees from
front center

Test Date(s):
Planned- May 10, 2022

Results:
TBD
Performed by:

Test Name: Rover Arm and Turret – Collapsed Arm Configuration and Geometrical Constraints
Purpose:
The purpose of this test is to verify that the arm is able to collapse into the stowed position
without any geometric interferences.
Scope:
This test will be evaluating all of the mechanical components of the arm simultaneously. In order
to function effectively, the arm must be able to move from an outstretched position to the fully
collapsed/stowed position without the components hitting, brushing against, or obstructing one another.
Equipment:
−
−

Verification prototype
Digital calipers

Hazards:
Pinch points
PPE Requirements:
No specified PPE required.
Facility:
The test can be performed in any open space with a flat test surface (table, benchtop, desk).
Procedure:
1. With the design verification prototype fully assembled but not connected to power, set the arm
and mounting platform on the flat testing surface. Ensure that the platform is stable and resting
flat on the platform.
2. With the arm at an outstretched position, slowly manually rotate the joints until the arm is in its
collapsed position with links 1 and 2 parallel to each other and to the testing surface. The wrist
joint/claw should point downward at a 90-degree angle. Stop immediately if any geometric
interferences occur and record the parts that are interfering and in what position the interference
occurs.
3. Once the arm has reached the stowed position, use digital calipers to record the distance between
links 1 and 2 in millimeters.
Results:
The arm passes if no geometric interferences occur while moving from an outstretched position to
its collapsed position and if link 1 and link 2 have 5 mm of clearance in the collapsed position. The test
should be repeated 5-10 times, each time following a different path from outstretched to collapsed.
Test Date(s): 5/19/22
Test Results: The arm successfully returned to the stow position on each occasion
Performed By: Sam Cole

Appendix ## - F13 RAT User Manual
General assembly instructions are provided below to enable easier mechanical system
maintenance and component replacement. To further this objective, a complete list of components and
sourcing is included at the end of this user manual. The following assembly instructions are an outline for
how to operate the rover arm including safety considerations, wiring connections, and sending positional
coordinates.

Instructions for Mechanical Assembly:
Base Assembly:
The base assembly supports the arm’s weight, and it is responsible for the first arm link actuation.

Figure 1. Base Assembly
Begin by pressing the two bearings into each 19.1mm hole. Attach the motor to the base using
three 6-32x1/2 bolts. Once the motor is attached to the base, slide the worm into the motor’s shaft and
tighten the worm to the shaft by turning the set screw. Attach the worm gear to the gear mount by using
four 4mm bolts. Position the worm gear and the gear mount in place and ensure the worm and gear are
meshing correctly. Insert the main arm pivot shaft through bearing closest to the motor all the way
through the gear and gear mount, until it reaches the outside of the other bearing. Rotate the main arm
pivot shaft until the opening in the shaft matches with the opening in the gear mount. Secure the main arm
pivot shaft using a cotter pin. Finally insert a M2 bolt into the gear mount and the main arm shaft, to
ensure they both move at the same rate and there is no sliding between them. Now that the assembly is
complete, attach the whole assembly to the rover’s body using four M4 bolts.

Elbow Assembly:
The elbow assembly is the connection point between link 1 and link 2.

Figure 2. Elbow Assembly
To begin assembling, insert the 52 RPM motor output shaft through the motor enclosure in the
orientation shown above. Align the mounting holes on the face of the motor with the through holes on the
face of the motor enclosure and secure with four M2 countersunk screws. Once the screws are hand-tight,
inset the motor output shaft through the center of the clamping hub and tighten the set screw onto the flat
of the motor shaft. Align the motor pin connection housing with the motor enclosure such that the lip of
the motor pin connection housing fits around the outside diameter of the motor enclosure. Insert the 6-32
Torx head screws through the motor pin connection housing and screw into corresponding holes on the
clamping hub. With the assembly complete, insert link 1 into the motor enclosure and link 2 into the
motor pin connection housing. Link 2 should be medially located to the rover body with respect to link 1.
Claw Assembly:
The claw is the major subassembly of the wrist and is the most difficult part of the arm to
assemble. It consists of 13 components, as shown in Figure 3. Correct assembly of this subsystem should
keep the claw fingers sprung closed.

Figure 3. Exploded View of the Claw Assembly
First the Misumi bearings must be pressed into the two 12mm holes on each of the claw printed
claw fingers. This will likely require interior sanding of the holes if the fingers are freshly printed. Set
aside the claw fingers for now and loosely place a torsion spring in the gap between each pair of holed
tabs on the claw base. The 8mm holes in the claw base should align with the “through holes” of the
torsion springs. Next, preload the torsion springs by displacing each by 90˚. For the right spring, ensure
the outside leg faces forward, parallel to the large bore in the claw base while the other leg is 90˚ to the
outside leg being placed behind the left torsion spring. Vice versa for the left torsion spring’s legs.

Figure 4. Claw Subassembly Torsion Spring Nomenclature
Now slide the claw fingers over the claw base tabs, aligning the 8mm IDs of the Misumi bearings
with the 8mm holes in the tabs. The outside legs of the torsion springs should be on the outside of the
claw fingers. Holding the right claw finger and both springs properly in place, slide a claw bolt through

the top Misumi bearing ID, the top right claw base tab hole, the right torsion spring, the bottom right claw
base tab hole, and finally the bottom bearing ID. A similar procedure can be followed for installing the
left claw bolt. Once both bolts are in, insert and secure a 3.2mm cotter pin in the hole at the bottom of
each claw bolt.
Wrist Assembly:

Figure 5. Exploded View of the Wrist Assembly
Start assembly by mounting the 142RPM motor into the motor enclosure with four M2x.4x8mm
bolts. Use the set screw in the 4mm hub clamp to secure it to the flat of the 4mm D-shaft of the motor.
Secure the motor pin connection housing to the hub clamp with four 6-32x1/2 bolts (the mix of imperial
and metric fasteners arises from hardware sourcing unfortunately). Set this wrist joint aside for now.
Mount the 416RPM motor into the back of the roll motor housing again with four M2s. Then
install the shaft coupler in a similar fashion as the hub clamp with the coupler’s set screw. In the other
side of the coupler, install the 48.5mm long 6mm D-shaft (Note: The exploded view above does not
reflect this assembly step as the shaft is included with the simple cam assembly. The shaft can easily be
removed from the cam assembly via another set screw.). Now slide the sprag mount over the D-shaft until
the flanged 4mm holes align with their partners in the roll motor housing. Secure the sprag mount with
four M4x.7x8mm bolts and nuts (the inconsistent fastener sizes is definitely something to be improved
upon in future arm designs). Mount the sprag bearing on the sprag mount by aligning the key and keyway
and press fitting. Some sanding and/or carving may be required if parts have not been assembled before.
It should be noted that the orientation of the sprag bearing when installed will dictate the direction of claw

roll (whichever direction the sprag bearing allows rotation). Press fit the claw assembly onto the outer
race of the bearing. Finally, open the claw fingers and install the cam assembly on the end of the D-shaft
with the aforementioned set screw.
It’s time to join the two parts of the wrist assembly. If never assembled before, 2-56 thread inserts
will need to be soldered into the three equally spaced tapered holes at the rear of the roll motor housing.
WARNING: Soldering iron tip is extremely hot and can
cause severe burns. Do not lay iron tip on flammable
surfaces when plugged in. Do not use iron if power cable is
damaged.
Slide the roll motor housing into the motor pin connection housing, aligning the threaded inserts
with the counterbored holes. Use three 2-56x5/16 bolts to secure the wrist joint to the claw actuation
assembly. The following sequence of images (following the arrows) outlines the assembly process for the
for the wrist.

Figure 6. Assembly Steps for Wrist

Total Arm Assembly:

Figure 7. Overall RAT Assembly
Each of the arm subassemblies are joined together with 1” OD carbon fiber tubes. The base is
attached to the elbow by a 230mm long segment while the wrist is connected to the elbow by a 200mm
long segment. These carbon fiber links are secured with friction, but if permanent assembly is desired,
they can be epoxied in. The overall RAT assembly is secured to the rover chassis via four M4 bolts that
screw up into the bottom of the base part’s thread inserts.
Instructions for Use:

WARNING: Always ensure the rover arm is secured to
the base platform and correctly assembled before use.
The rover arm consists of two links and a claw for the purpose of collecting rock samples. The
arm actuates via four motors: the base motor, elbow motor, wrist motor, and roll motor. Aside from the
call roll/actuation motor, all motion is pitching motion, so the arm operates in a single plane. Samples out
of plane must be placed in plane by the rotation of the rover itself.

Figure 8. RPi GPIO connections

First, ensure that all four connections to the raspberry pi GPIO are connected, as shown in Figure
8. These include: a wire connecting to the TX pullup resistor, two lines going from the Roboclaw S1 and
S2 pins to the TX and RX pins on the raspberry pi, and a line connecting the ground pins on the
Roboclaws to the raspberry pi ground pin. Now ensure that the two Roboclaw boards have a connection
to a 20-30V DC source, and the raspberry pi is plugged in. Power on all the devices.
Now, log into the raspberry pi with the password raspberry and open three terminal windows. In all
windows type the command:

1.

$ cd-ros # cd into src directory, and source ros setup file

this is an alias specified in ~/.bashrc. This command will take you to ~/ros_stuff/rat_ws2/src and will
source the ~/ros_stuff/rat_ws2/devel/setup.sh file. If you do not source this file, bash will not be able to
locate any of the ROS cli tools. In the first terminal window start the simulation and hardware interface
nodes with the command:

1.

$ roslaunch rat_control/launch/rat_hw_main.launch # start rviz simulation and hw interface

This will open an Rviz window, and you should see the RAT arm as shown below in Figure 9. This also
starts running the hardware interface node, which will begin to publish joint angles for the
roboclaw_driver subscriber.py node. Therefore, once this script as been started, starting the
Roboclaw driver will cause the motors to move to whatever position the simulation is showing! Now
you will notice upon startup in the simulation the arm will be in a folded position with the wrist link
perpendicular to the ground. This position is not replicable with the wooden base the arm is attached to,
so we will need to adjust the position before starting up the motors. First select the planning tab in the
pane on the left as seen in Figure 9, then one can either rotate the wrist link to be parallel with the other

links and point away from the base, or in the Goal State: drop down menu select the ready state. Both
will accomplish the same thing. From there click the Plan & Execute button to publish the joint values
that will put the arm in the state it expects as seen in Figure 10.

Figure 9. Rviz window

Figure 10. Ready position the arm expects to be in

Now let’s move onto controlling the motors with the roboclaw_driver subscriber.py node. This
node is constantly reading the joint values published by the hardware interface and updating the
motors accordingly. Upon startup, this node expects a joint_config.ini file to be in the same
directory as it. This file contains the addresses, channels, and comports for each motor, as well as
the encoder counts per revolution for each motor. Every time the subscriber node receives a
stable move command, the motors will receive move commands in the order they appear in the
configuration file. In the second terminal window start the roboclaw_driver subscriber.py node
with the following command:

1.

$ rosrun roboclaw_driver subscriber.py # start subscriber node from roboclaw_driver package

Once this node is running, any moves made in the simulation with the arrows or joint sliders and
executed with the Plan & Execute button will be sent to the motors. For cartesian positional
control we can launch the interactive python script move_group_interface.py in the rat_control
package. Start this script with the following command:

1.

$ rosrun rat_control move_group_interface.py interactive # start interactive script that
uses moveit_commander to send commands to simulation.

After connecting to Moveit, the script will request X, Z, phi-low, and phi-high inputs from the
user. (Note that for all distances, the base joint axis is the origin) These inputs correspond to the
following parameters used in the kinematic solver:

X: Requested end effector distance in meters along X-axis, claw fingers are
pointed along this axis (horizontal)
Z: Requested end effector distance in meters along Z-axis, the base motor is pointed
along this axis (vertical)
Phi-low: Angle in degrees that the end effector will make with the X-axis. This value
specifies the smallest angle in the search range
Phi-high: Angle in degrees, this value specifies the largest angle in the search range.

To summarize, the X and Z values are used to choose a coordinate in space to move the end
effector. The phi values are used to determine the orientation of the wrist link when the claw tip
is at the X, Z coordinate. An angle of 0 degrees would have the wrist link flat as shown in Figure
10, an angle of 270 degrees would have the wrist link pointing down as shown in Figure 9. Two
Phi values are required as some solutions are impossible, and it can be useful to provide a range
of angles that can be tested. The first angle that provides a valid solution will be used. The
program will then confirm that the user wishes to send the move to the simulation, resulting in a
move.
CAUTION: Be aware of moving parts when arm is
being operated.
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RAT Risk Assessment

designsafe Report
Application:

RAT Risk Assessment

Analyst Name(s):
Company:

Description:

Facility Location:

Product Identifier:
Assessment Type:

Sam, Kendall, Kyle, Rodrigo

Detailed

Limits:
Sources:
Risk Scoring System:

ANSI B11.0 (TR3) Two Factor

Guide sentence: When doing [task], the [user] could be injured by the [hazard] due to the [failure mode].
Initial Assessment
Severity
Probability
Risk Level

Risk Reduction Methods
/Control System

Final Assessment
Severity
Probability
Risk Level

Low

standard procedures

Moderate

Moderate
Unlikely

Low

standard procedures

Moderate

mechanical : stabbing /
puncture
Exposed spring ends

Minor
Unlikely

Negligible

electrical / electronic :
energized equipment / live
parts
Expose wires
electrical / electronic : shorts
/ arcing / sparking
Bad wiring

Serious
Unlikely

Medium

Minor
Likely

Low

adult
first use / test

electrical / electronic :
improper wiring
Roboclaws wiring

Moderate
Likely

Medium

adult
first use / test

electrical / electronic :
Moderate
unexpected start up / motion Unlikely
high torques

User /
Task

Hazard /
Failure Mode

1-1-1

adult
first use / test

mechanical : drawing-in /
trapping / entanglement
Moving/Rotating parts

Moderate
Unlikely

1-1-2

adult
first use / test

mechanical : pinch point
Motorized joints moving

1-1-3

adult
first use / test

1-1-4

adult
first use / test

1-1-5

adult
first use / test

1-1-6

1-1-7

Item Id

Status /
Responsible
/Comments
/Reference

Minor

fixed enclosures / barriers

Serious
Remote

Low

On-going [Daily]
Sam

Low

On-going [Daily]
Sam

Minor

Low

supervision, restricted users, Moderate
color coded wires
Unlikely

Moderate
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Initial Assessment
Severity
Probability
Risk Level

Final Assessment
Severity
Probability
Risk Level

User /
Task

Hazard /
Failure Mode

1-1-8

adult
first use / test

heat / temperature : burns /
scalds
Motors may get hot

Serious
Remote

Low

Serious

1-2-1

adult
trouble-shooting / problem
solving

mechanical : pinch point
Moving links

Moderate
Unlikely

Low

Moderate

1-2-2

adult
trouble-shooting / problem
solving

Serious
Unlikely

Medium

1-2-3

adult
trouble-shooting / problem
solving

electrical / electronic :
energized equipment / live
parts
Exposed wires
electrical / electronic : shorts
/ arcing / sparking
Bad wiring

Minor
Likely

Low

1-2-4

adult
trouble-shooting / problem
solving

electrical / electronic :
improper wiring
Bad wiring

Moderate
Likely

Medium

1-2-5

adult
trouble-shooting / problem
solving

electrical / electronic :
Moderate
unexpected start up / motion Unlikely
High torques

Low

1-3-1

adult
assemble

mechanical : cutting /
Serious
severing
Unlikely
Tile Saw operation and wire
cutting

Medium

safety glasses, head
protection, standard
procedures

1-3-2

adult
assemble

mechanical : drawing-in /
trapping / entanglement
Use lathe or mill

Serious
Unlikely

Medium

1-3-3

adult
assemble

mechanical : pinch point
Matting parts together

Minor
Unlikely

Negligible

Item Id

Risk Reduction Methods
/Control System

fixed enclosures / barriers

Serious
Remote

Status /
Responsible
/Comments
/Reference

Low

On-going [Daily]
Sam

Low

On-going [Daily]
Sam

Serious
Unlikely

Medium

Complete [2/16/2022]

restricted users, safety
Serious
glasses, E-stop control, fixed Unlikely
enclosures / barriers

Medium

Complete [2/16/2022]

Minor

supervision, restricted users, Moderate
color coded wires
Unlikely

Moderate
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Initial Assessment
Severity
Probability
Risk Level

Final Assessment
Severity
Probability
Risk Level

User /
Task

Hazard /
Failure Mode

1-3-4

adult
assemble

mechanical : stabbing /
puncture
Post-machining 3D parts

Moderate
Unlikely

Low

1-3-5

adult
assemble

Serious
Unlikely

Medium

1-3-6

adult
assemble

electrical / electronic :
energized equipment / live
parts
Expose wires
electrical / electronic : shorts
/ arcing / sparking
Bad wiring

Minor
Unlikely

Negligible

1-3-7

adult
assemble

electrical / electronic :
improper wiring
Bad wiring

Moderate
Likely

Medium

1-3-8

adult
assemble

electrical / electronic :
Moderate
unexpected start up / motion Unlikely
High torques

Low

1-3-9

adult
assemble

Serious
Unlikely

Medium

1-4-1

adult
storage

ventilation / confined space :
air contaminants
carbon fiber particle
inhalation
electrical / electronic : water /
wet locations
Damage to electronics

Minor
Remote

Negligible

Minor

2-1-1

passer-by / non-user
walk near

mechanical : drawing-in /
trapping / entanglement
Moving parts

Moderate
Remote

Negligible

Moderate

2-1-2

passer-by / non-user
walk near

mechanical : unexpected
start
Comunication Failure

Minor
Unlikely

Negligible

Minor

Item Id

Risk Reduction Methods
/Control System

Status /
Responsible
/Comments
/Reference

Moderate

fixed enclosures / barriers

Serious
Remote

Low

On-going [Daily]
Sam

Low

On-going [Daily]
Sam

Low

Complete [2/16/2022]

Minor

supervision, restricted users, Moderate
color coded wires
Unlikely

Moderate
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Initial Assessment
Severity
Probability
Risk Level
Moderate
Low
Unlikely

Final Assessment
Severity
Probability
Risk Level
Moderate

User /
Task
passer-by / non-user
walk near

Hazard /
Failure Mode
slips / trips / falls : trip
Improper placement

2-1-4

passer-by / non-user
walk near

slips / trips / falls : impact to / Minor
with
Remote
High motor torque

Negligible

Minor

2-2-1

passer-by / non-user
observe / watch

mechanical : drawing-in /
trapping / entanglement
Moving parts

Moderate
Remote

Negligible

Moderate

2-2-2

passer-by / non-user
observe / watch

mechanical : unexpected
start
Comunication Failure

Minor
Unlikely

Negligible

Minor

Item Id
2-1-3
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Risk Reduction Methods
/Control System

Status /
Responsible
/Comments
/Reference
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